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Abstract 

 
 

Food production must increase to meet consumer demands in a population that is growing at a faster pace than 

current yield increases. Grain weight and size are amongst the most important agronomical traits as they impact grain 

yield. To date, our understanding on how grain weight is genetically controlled in wheat is still growing. The overall 

aim of this thesis was to understand if the GRAIN WIDTH 2 (GW2) mutant alleles play a role in increasing grain 

weight in different wheat genetic backgrounds tested under contrasting environments. To address this, a detailed 

characterisation of GW2 single, double and triple mutant near isogenic lines (NILs) was conducted in UK and 

international field trials. Likewise, we also aimed to understand whether these increases were mediated by the plant 

hormones gibberellins. 

Thousand grain weight (TGW) and protein content increased consistently with increasing number of mutant GW2 

copies in a dosage-dependent manner in cv Paragon under UK trials. Yield did not increase in the single and 

double mutants, but a significant decrease was found in the triple mutants. The effect of the gw2 alleles in two wheat 

cultivars, Reedling and Kingbird, grown across contrasting field environments (irrigation, heat stress and drought) 

was also assessed. Contrasting effects were found, with the gw2 allele having a positive effect on TGW and yield 

in Kingbird while in Reedling the effect was detrimental. Finally, two different glasshouse experiments were 

conducted to determine the effect of bioactive gibberellins and paclobutrazol applications on final seed weight 

and morphometrics. Our findings are relevant in the context of food security as they show the potential to increase 

grain size and grain protein content with a neutral effect on yield. Furthermore, we found that increases in yield are 

achievable during heat stress which is relevant in the context of climatic change. 
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1. General introduction 

 
 

1.1. Crop production must increase to tackle world hunger 

 

The production of cereal grains is critical for food security. Crop production must increase to meet the demands of a 

global population estimated to exceed nine billion by 2050 (FAO, 2021). By 2050, crop production must increase 

by at least 50%, however, present rates of yield growth won’t be enough to meet the demands from consumers, 

farmers and food industry (Reynolds et al., 2022 ; Ray et al., 2013). Furthermore, the arable land decreased in all 

regions for the past 20 years while population grows faster than production and cropland areas (FAO, 2021). 

Therefore, it is essential and urgent that we find methods to boost crop yields. Higher yield lowers agricultural 

commodity prices, which leads to lower numbers of malnourished people at risk of hunger (Rosegrant et al., 2013). 

Genetic improvements in yield potential have boosted wheat production in the past decades; however, the current 

genetic gains are not enough to overcome the challenges of a growing population without increasing the amount of 

land under arable use. Understanding how crop yield and yield components are affected by the environment and 

genetics across the life cycle of wheat is needed to achieve the increasing food demands (Reynolds et al., 2009). 

1.2. The role of wheat for global food security 

 

Cereal grain production is essential for ensuring food security. Wheat (Triticum aestivum), rice (Oryza sativa), and 

maize (Zea mays) are some of the grasses produced for their edible grains or their derived products. Only 15 crop 

plants, out of more than 50,000 edible plant species in the world, are responsible for 90% of the world's food energy 

consumption (Stewart and Lal, 2018b). Close to 87% of the world's cereal production are made up of rice, maize, 

and wheat (Figure1.1) (FAO, 2021). Wheat alone provides around 20% of the daily calories and protein intake. 

Globally, wheat is grown in more than 200 million hectares of arable land in all five continents, with Russia, China 

and India as the world’s biggest producers (Figure 1.2) (FAO, 2021). 
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Figure 1-1: Global crop production from 2000-2019 adapted from FAO, 2021 

 

 

Figure 1-2: Global wheat production in 2019 by country. Adapted from FAO, 2021 

1.3. Wheat, from an evolutionary viewpoint 

 

Wheat was domesticated around 8000-10,000 years ago by farmers in what is known today as the Fertile Crescent, 

in the mountainous regions that surround the plains of the Tigris and Euphrates Rivers in modern-day Iran, Iraq 

Turkey, Syria, Lebanon, Jordan and Israel (Charmet, 2011). The most common forms of domesticated wheat are 

tetraploid durum wheat (T. turgidum ssp. durum L.) and hexaploid bread wheat (T. aestivum) (Adamski et al., 

2020). Polyploid wheat is derived from hybridisation events between different ancestral progenitor species (Triticum 

and Aegilops). The A and B genomes diverged around 6.5 million years ago (Mya) from a common ancestor. A 

hybridization occurred ~5.5 Mya between the A and B genomes giving rise to the D genome. About ~0.8 Mya 

the A and B genome hybridised giving rise to tetraploid durum wheat (AABB) or pasta wheat. Finally, around ~0.4 

Mya the AA 
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and the BB genome hybridised with the DD genome from Ae. tauschii giving rise to the hexaploid bread wheat 

(AABBDD) (Figure 1.3) (Marcussen et al., 2014). These closely related genomes, known as homoeologous 

genomes, are on average >95% similar across their coding regions and usually have a highly conserved gene 

structure (Adamski et al., 2020). Tetraploid and hexaploid wheat have large genomes, 12 and 16 Giga base pair 

(Gbp) respectively, which consist mostly of (>85%) repetitive elements (Adamski et al., 2020). The present work 

focuses on bread wheat although some of the germplasm we used is derived from crosses with tetraploid wheat 

Kronos. 

 

Figure 1-3: Model of the phylogenetic history of bread wheat (Triticum aestivum; AABBDD).Approximate dates for 

divergence and the hybridization events are given in white circles in units of million years ago adapted from 

(Marcussen et al., 2014). 

 

 

 
 

1.4. Available genomic resources in wheat 

 
A comprehensive list of wheat genomic resources can be found in Adamski et al. (2020). In this section, we discuss 

the genomic resources relevant for this thesis. 

1.4.1. Wheat genome assemblies 

 

As we previously mentioned, bread wheat consists of three genomes (A, B and D), each composed of seven 

chromosomes, that share >95% similarity in the coding regions. In total, they add up to 16 Gbp and over 85% of the 

genome are highly repetitive sequences (Adamski et al., 2020). The study of wheat used to be challenging due to the 

lack of available genomic resources. However, a turning point in the study of wheat came when the most 

comprehensive wheat genome assembly, called RefSeqv1.0, was released (Appels et al.,2018). This assembly 

was based on the landrace ‘Chinese Spring’ which has been used to develop extensive cytogenetic stocks for wheat 

genetic research. 
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1.4.2. Comparing plant orthologs and wheat homologues in Ensembl Plants 

 

 
Another useful tool for the present work was the Ensembl Plants website (https://plants.ensembl.org/index.html). In 

this portal, over 128 genomes (RefSeqv1.0) are available, including Arabidopsis thaliana, Oryza sativa, Triticum 

aestivum, Hordeum vulgare and Zea mays, allowing users to quickly compare between plant genomes (Howe et al., 

2020). For example, orthologous genes can be identified through predefined phylogenetic trees defined by the Plants 

Compara pipeline (Howe et al., 2020). The Ensembl Plant website also allows user to download these sequences for 

further examination and has a catalogue of single nucleotide polymorphisms (SNPs) including the sequenced mutant 

populations of wheat (described below). In 2020, an additional 14 wheat genomes from commercial cultivars were 

added to the browser. This was particularly useful as most of the thesis work was conducted in cv Paragon which 

was part of this newly added set of genome assemblies (Walkowiak et al., 2020). 

 

1.4.3. TILLING wheat population 

 

The Targeting Induced Local Lesions in Genomes (TILLING) populations were developed in durum wheat 

cv Kronos and bread wheat cv Cadenza by inducing random mutations in the genome using ethyl 

methanesulphonate (EMS) as a chemical mutagen. This method can be used to generate novel variations for both 

breeding and research purposes (Uauy et al., 2017). However, screening for desired mutations on each of the EMS 

individual lines can be extremely time consuming as it requires the design of genome specific primers followed by 

PCR, screening and sequencing of individual lines or pools. To overcome this hurdle, the in silico wheat TILLING 

resource was generated to search for alleles of interest across the genome with a ~90% coverage (Krasileva et al., 

2017). Exome capture and Illumina sequencing were conducted across 2,735 mutant lines from both Kronos and 

Cadenza EMS populations. This resource allows the rapid identification of novel mutations in specific genes for 

functional characterisation. In the present work, all the mutations in the GW2 genes to generate the Paragon gw2 triple 

mutants originated from either the Kronos or Cadenza TILING mutants (see more details in chapter 2). The 

mutations in the A and B copies were previously identified using the PCR-based method Uauy et al. (2009), whereas 

the mutation in the gw2 D genome was found using the in silico approach (Krasileva et al., 2017, Wang et al., 2018). 

1.4.4. CerealsDB 

 

 
Many genotyping arrays have been developed for wheat over the past 10 years. Access to this data and cross- 

comparisons are often difficult due to the data being available in a wide range of databases. CerealsDB is a website 

that allows us to compare similarities between wheat varieties, as it includes a database which contains over 100,000 

putative varietal SNPs Wilkinson et al. (2020) across over 6,000 genotypes. We used this online resource to compare 

SNP’s between cultivars Reedling and Recital in Chapter 3. 
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1.4.5. Wheat Haplotypes 

 

 
The wheat pangenome project was a global effort to assemble 14 bread wheat genomes at chromosome-scale level 

to complement the previously published Chinese Spring reference (Walkowiak et al., 2020). Using pairwise 

chromosome-based alignments, Brinton et al (2020) identified regions with very high sequence identity (median 

over 99.99% identity) which they defined as identical-by-state or that shared a common haplotype. This analysis 

was done in a pairwise manner for all chromosome scale assemblies and scaffold level assemblies of UK cultivars 

(Cadenza, Paragon, Claire and Robigus) and the CIMMYT cultivar Weebill-1(Brinton et al., 2020). This data was 

organised and visualised in the crop haplotype website (http://www.crop-haplotypes.com) which allows users an 

interactive way of visualizing the shared haplotypes between the wheat genomes. This resource was useful when 

comparing the 6A chromosome haplotypes in Chapter 3. 

These resources opened new opportunities for wheat research, and the present work has drawn extensively from      

tthem. 

 
 

1.5. Wheat developmental stages 
 

 

Wheat development is a succession of changes in the growth of different plant organs describing the life cycle from 

sowing to the harvesting of mature grains. The life cycle can be divided in vegetative, reproductive and grain filling 

phase which are influenced by environmental conditions and external events alongside the physiological life cycle 

of a plant. Final grain yield is therefore the outcome of this developmental process to which most, if not all, genes 

will contribute in one way or another (Figure 4) (Slafer, 2003). 

http://www.crop-haplotypes.com/
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Figure 1-4: Schematic diagram of wheat growth and development including the main growth stages. Bars at the 

bottom of the figure represent stages which define the establishment of individual yield components or sub- 

components. Adapted from Slafer et al., 2022. 

 

 

1.5.1. Vegetative phase 

 

 
The vegetative phase starts at sowing time where leaf emergence and tiller initiation take place. Lateral shoots located 

in the axils of leaves differentiate to produce tillers (branches) sequentially. Each tiller has the potential to produce 

secondary tillers and wheat inflorescences contributing to the number of spikes per plant (spikes plant-1) (Hyles et 

al., 2017). Tiller survival and tiller fertility are tightly affected by environmental conditions like temperature, day 

length, nitrogen and plant density (Hyles et al., 2020). Depending on whether the wheat variety is a "winter" or 

"spring" type, the vegetative phase's length can change. Winter wheat have a long vegetative phase because of the 

need of a cold spell, to initiate flowering known as vernalization. Conversely, spring wheats flowers without the 

requirement for a vernalization period, growing more quickly through the vegetative phase (Ordon, 2019). The 

transition from vegetative phase to reproductive phase is defined by the initiation of the floral primordial 

(Waddington. et al., 1983). 
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1.5.2. Reproductive phase 

 

 
The reproductive phase can be divided in two main stages: the early reproductive stage is when floral initiation occurs 

followed by double ridge stage and ending with the terminal spikelet stage. The terminal spikelet stage determines 

the total spikelet number and is the first yield component to be fixed. During the early reproductive stage, tiller 

numbers reach its peak. The late reproductive phase is marked by the transition of the terminal spikelet stage to 

anthesis. During this phase, tiller numbers drop by about 25% while only 3-5 florets out of 10-20 florets per spike, will 

survive and set grains. Thus, the total amount of spikes per area (spikes m-2) and grains per spike is fixed 

during the reproductive phase (Slafer et al., 2022). Simultaneously, stem elongation and spike growth occur. Both are 

considered critical for yield formation as the total number of fertile florets that potentially can become grains 

depends on the duration of both (Kronenberg et al., 2017). The floret survival/mortality is thought to be 

determined by the competition for resources between the spike and the stem Kirby (1988) and will ultimately define 

grain number per spike. 

 

 
 

1.5.3. Grain filling phase 
 
 

The grain filling phase occurs when the grain first develops endosperm cells growing to its final weight and size 

mainly by accumulating starch, proteins and minerals. The grain filling rate peaks from 14 to 28 days post anthesis 

(dpa). During this period, the dry weight doubles while the grain size and volume continue to increase. Grain length 

and total water content also reaches it maximal during this phase (~ 40 dpa), while final width and weight reach their 

peak at physiological maturity when the grain reaches maximum dry weight. Finally, in the desiccation and 

maturation period, water is lost from the grain and grain volume changes slightly due to decreases in length, width 

and final grain area (Brinton and Uauy, 2019). 

1.5.4. Grain development 

 

 
Around 2-3 dpa, the grain begins to develop as a result of a double fertilisation in which one pollen reproductive 

nucleus fuses with two female polar nuclei inside the embryo sac to produce a triploid (3n) endosperm nucleus, and 

the second pollen reproductive nucleus fuses with the egg nucleus to produce a diploid zygote (2n). The maternally 

derived tissues (nucellus, nucellar epidermis, inner integument, outer integument, tube cells, cross cells, and maternal 

pericarp) surround the endosperm nucleus and the diploid zygote embryo (Bechtel et al., 2009). After fertilisation, 

the process of mitosis begins, resulting in the development of a single multinucleate cell called the endosperm, which 

has a large central vacuole and a peripheral zone of cytoplasm. (Shewry et al., 2012). At the beginning of the 

cellularization stage, the endosperm cells begin to differentiate, producing the aleurone layer and the starchy 

endosperm. Under UK growing conditions, the beginning of grain filling is marked by the development of both the 

starchy endosperm and aleurone layer, which is followed by a phase of grain maturation and desiccation. The mature 
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aleurone accounts for about 6.5% of the grain dry weight and the starchy endosperm for about 80% (Barron et al., 

2007). Once the seed is completely mature, it consists mainly of the endosperm and the embryo surrounded by the 

pericarp, which is the maternal outer layer composed by the epicarp, mesocarp and endocarp (Figure 1.5). Pericarp 

cells go through a phase of cell division shortly after fertilization (~2 dpa) followed by cell expansion and a rapid 

programmed cell death. At maturity, the pericarp tissue is dry and together comprise about 7–8% of the grain dry 

weight (Brinton and Uauy, 2019; Shewry et al., 2012). 

 
Different stages or aspects of grain development or grain filling phase can be genetically altered to boost grain yields. 

To list some examples, the TaTGW6-A1 allele located on chromosome 4AL was found to increase TGW and grain 

morphometrics by accumulating more carbohydrates in the grain than the wild type (Hu et al., 2016). The GNI-A1 

allele was found to contribute to floret survival increasing grain number probably due to more resources being 

allocated to more distal florets and hence allowing them to remain fertile and set grain (Golan et al., 2019a). While the 

TaExpA6 α-expansin transgene increases TGW and yield by 12% and 11%, respectively, without a trade-off on grain 

number (Calderini et al., 2021). These three studies exemplify how grain weight, size and number can be 

manipulated at different growth stages and via different mode of actions to achieve grain and yield increases. 

 

 

 

 

 
 

Figure 1-5: Illustration of a mature grain with each of its layers. From: https://theartofmilling.com/ 

 
 

1.5.5. Wheat yield components 
 
 

Final yield is a complex trait, that can be broken down into what are known as yield components to facilitate their 

study. Each of the components will contribute towards final yield: 

 
 

• Grain weight, expressed in thousand kernel weight (TKW): Which can be complemented by grain 

morphometric parameters: grain area, length and width. 
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• Grain number per spike: grains / spikes 

• Number of spikes per area: Spikes m-2 

All yield components interact during plant development. Therefore, when trying to manipulate one of the 

components to boostyield, other components can be affected, leading to undesirable pleiotropic effects. For example, 

the ‘classical’ trade-off between grain number and grain weight isprobably due to competition for resources between 

individual grains across the spike (Kuchel et al., 2007). The number of spikes per area is established very early in 

development, reaching its maximal capacity shortly after terminal spikelet (Figure 4). Around that same time, the 

maximal number of potential grains per spike begins to be established peaking at booting time, followed by a drastic 

drop in the number of fertile florets between booting and anthesis, in a process known as floret abortion. Around 

grain filling, the maximalnumber of grains per spike is fixed. Finally, grain weight is the last of the yield components 

to be established, starting pre-anthesis as carpel development sets the limit for grain growth until physiological 

maturity, when the grain reaches its maximal weight (Reynolds et al., 2022) (Brinton and Uauy, 2019). In Chapters 

2 and 3, we introduce each yield component in more detail and discuss their contribution towards final grain yield. 

 

Furthermore, the effect of genes affecting yield components and final grain yield can also be influenced by their 

interaction with the environment (GxE). This makes it difficult to predict how certain alleles will influence yield 

components when tested in different environments (Slafer 2003) (Parent et al., 2017). For that reason, Near Isogenic 

Lines (NILs) are a useful resource when investigating the effect of a certain gene in each phenotype. For example, 

the NILs carrying different alleles of the PHOTOPERIOD-D1 (PPD-D1) gene located on chromosome 2D were 

found to differ greatly in heading and flowering time when compared to the insensitive ppd allele in cultivar Triple 

Dirk (Kitagawa et al., 2012). Another set of NILs broadly used in agriculture, are those carrying alternative alleles 

at the REDUCED HEIGHT 1 (RHT1) locus giving either a tall or a semi-dwarf phenotype. In cv Fortuna, the semi- 

dwarf Rht-B1b allele reduces grain protein content and grain weight by 12% and 15.2% when compared to the tall 

Rht-B1a NIL (Jobson et al., 2021). Thus, the detrimental effect on protein content and grain size can be attributed to 

a single gene (Rht-B1). NILs can be also useful when elucidating how a certain gene will interact with a given 

environment for example, a major QTL was found in chromosome 5A NILs associated to grain weight in a double 

haploid line CB53x CB89. Across 12 different environments, they found that yield increases were only significant 

in one of the five growing seasons and that the full potential of grain length can only be seen under certain 

environments (Brinton et al., 2017). In chapter 3, we conducted field trials in three contrasting environments using 

NILs to understand how lines carrying mutant alleles affecting grain weight and size interact with the environment 

in different genetic backgrounds. 
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1.6. The genetic control of yield components in wheat 

 
Genetic studies are helpful when elucidating how genes affect individual yield components. Several genetic 

associations with yield components have been reported, but very few have been validated and little mechanistic 

insight has been provided (Kuchel, 2007). Current developments in wheat genomics, sequencing and assembly 

methods, have allowed the identification of genes for increases in grain weight or grain number per spike in wheat 

(Uauy, 2018). Mapping studies for grain yield components have identified quantitative trait loci (QTL) on all 21 

wheat chromosomes using either linkage mapping in biparental populations and marker-trait associations in genome 

wide association studies (GWAS) (Mangini et al., 2018). Major QTL associated to thousand grain weight have been 

detected on chromosomes 1B, 2A, 2D, 3A, 3B, 4B, 4D, 5A, 5B, 6A, 7B and 7D Zhang et al. (2017) and QTL for 

grain number per spike on chromosomes 2B, 3B, 4A, 4B, 4D, 5A, 5D, 7A and 7B (Cui et al., 2014). Most of the 

identified associations, however, have not been validated nor has the underlying gene cloned. To date, 36 

genes (homeologs included) have been associated with grain number and 28 with grain size. Among them are the 

GRAIN NUMBER INCREASE 1 (GNI1, see discussion chapter 2), the REDUCED HEIGHT genes (RHT, see chapter 

4 and general discussion) and the RING E3 ubiquitin ligase gene GRAIN WEIGHT 2 (GW2) broadly discussed 

in the present work. For a complete list of genes associated with grain number and grain size see table (S5 

and S6 Supplementary file1 (XLSX 33 KB)) (Xie and Sparkes, 2021b). 

https://static-content.springer.com/esm/art%3A10.1007%2Fs00425-021-03658-5/MediaObjects/425_2021_3658_MOESM1_ESM.xlsx
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1.6.1. Growth regulators in plants 

 
As already stated above, seed weight and size constitute an important agricultural trait coordinated by the growth of 

the embryo, endosperm, and maternal tissue. Proteins with ubiquitin, peptidase or binding activities have been 

identified to either restrict growth or enhance seed size (Xia et al., 2013). In Arabidopsis thaliana, proteins which 

restrict growth in several plant organs have been discovered and characterized. For example, the RING-type E3 

ligase Big Brother (BB) and DA1 a ubiquitin receptor, acts co-ordinately with BB to repress growth. Double 

knockout da1-1 bb mutant plants resulted in organ overgrowth, particularly in flowers, due to an extended phase of 

cell proliferation (Zhang and Lenhard, 2017). Following that discovery, three more members of the DA family were 

found and characterized. Firstly, an E3 ubiquitin ligase like protein DA2 was found to affect maternaltissue to restrict 

seed growth. DA2 protein shares similarities with GW2 proteins in wheat, maize and rice all associated with seed 

size control (Li and Li, 2016). The mutant da2-1 seeds were larger and heavier than the wild-type seeds. Two other 

DA1-related proteins, DAR1 and DAR2, act redundantly with DA1 to regulate endoreduplication during plant 

development. The triple mutant da1-dar1-1 dar2-1 Arabidopsis plants formed larger flowers and seeds than the wild 

type (Xia et al.,2013). All BB, DA1, DA2, DAR2 and DAR1 proteins act co-ordinately to restrict growth as described 

below (Figure 1.6). 

 
 

Figure 1-6: Developmental and Molecular Action of BB, DA1, and DA2 in Arabidopsis. The RING-type E3 ligases BB 

and DA2 activate DA1 peptidase activity by ubiquitylation. DA1 peptidase activity then cleaves the deubiquitylase 

UBP15 and the transcription factors TCP15 and TCP22 to arrest cell proliferation and promote endoreduplication, 

respectively. In addition, activated DA1 cleaves BB and DA2. From Zhang and Lenhard, 2017. 

 
 

The DA1 and DAR protein families, instead of having ubiquitin properties, regulate growth by inducing peptidase 

cleavage, thereby inactivating key proteins, including transcription factors, for cell proliferation and 

endoreduplication. In wheat, the RNAi lines targeting the DA1-A1 and GW2 genes increased TGW synergistically 

when compared to single RNAi lines targeting only one of the genes (Liu et al., 2020). This confirmed that the DA2 

in Arabidopsis, and the GW2 protein in wheat, act consistently as growth repressors. 
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Transcription factors of the TCP family (maize TEOSINTE BRANCHED 1 (TB1), snapdragon CYCLOIDEA (CYC) 

and PROLIFERATING CELL FACTORS 1/2 (PCF1/2)) are genes involved in plant growth, development, and 

stress responses (Zhao et al., 2018). The Class I TCPs interact with different hormone pathways such as auxins and 

gibberellins (GA). In Arabidopsis, TCP8, TCP14, TCP15 and TCP22 are considered the “master” regulators of 

endoreduplication (Peng et al., 2015). A yeast two-hybrid assay was conducted proving a physical interaction 

between the three DAR proteins with the transcription factors TCP15 and TCP14 (Peng et al., 2015, Ferrero et al., 

2019b). The redundant role of these four TCP transcription factors on plant height has further been confirmed in 

genetic analysis using quadruple mutants (Davière et al., 2014). In wheat, little is known about the effect of the TCPs 

on agronomical important traits. Recently, it was demonstrated that TCP21 and TCP18 interact in a yeast two hybrid 

assay and that a TILLING Kronos knockout mutant targeting TCP9 increased spike and grain length and spikelet 

number when compared to Kronos WT (Zhao et al., 2018). 

 
In Arabidopsis, five DELLAs proteins have been identified (GA1, RGA, RGL1, RGL2, RGL3) as negative 

regulator of growth and have been reported to interact with TCP family proteins. A yeast two-hybrid assay 

demonstrated that the five DELLAs proteins in Arabidopsis interact with TCP8, TCP14, TCP15, and TCP22 by 

binding to their DNA-recognition domain, causing inactivation. To “unlock” DELLA repression, GAs targets 

DELLA for ubiquitination. Firstly, active GA4 binds to the GID1 protein forming a GA-GID1 complex that will 

bind to DELLA and the E3 ubiquitin ligase SCF resulting in DELLA being targeted for ubiquitination and degraded 

(see chapter 4) (Thomas, 2017). Once DELLA has been ubiquitinated, the now active TCPs induce the expression 

of GA biosynthesis genes GA3ox1 and GA20ox1 and the mitotic related gene PRE6. The TCPs and GAs act 

concomitantly to enhance grain growth, but do not interact or bind together (Ferrero et al., 2019b).Collating 

information from several authors, and the fact that the DA2 gene and GW2 gene act consistently as growth repressors 

across species, we propose a model on how the GW2 protein represses growth and how this is relieved in the case of 

the triple gw2 mutants. This model is shown only for the wildtype and the gw2 triple mutants (Figure 1.7). 
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Figure 1-7: Left, wild type GW2: 1) GW2 and Big Brother (BB) ubiquitinates DA1 triggering a cascade. 2) DA1 

cleaves the TCP14, TCP15, TCP8, TCP22 inactivating them. Alternatively, DELLA protein binds to the DNA 

recognition domain of the TCP causing inactivation.3) Inactivated TCPs do not bind to the promoter region of 

growth-related genes.4) Grain growth is constrained. Right, mutant gw2: 1) gw2 is truncated, BB partially 

ubiquitinates DA1, 2) DA1 does not cleaves the TCPs. DELLA is targeted for ubiquitination by GAs.3) TCPs bind to 

the promoter region of growth-related genes like GA3ox. 4) Grain growth is enhanced. 

 

 

1.6.2. The role of plant hormones on grain growth 

 
Plant hormones are molecules regulating key plant growth stages and signalling networks involved in responses to  diverse 

biotic and abiotic stresses. They function as part of a complex network that finely regulates gene expression and growth in 

response to environmental cues. Major plant hormones affect a variety of biological processes. Auxin, gibberellin (GA) and 

brassinosteroids (BR) affect cell growth; abscisic acid (ABA) and strigolactones have an impact on apical dominance; 

cytokinin (CK) and ethylene (ET) affect root and hypocotyl elongation; while salicylic acid (SA) and jasmonic acid (JA) are 

involved in biotic response (Müller and Munné-Bosch, 2011). In Arabidopsis and rice, BR insensitive mutants produce 

smaller seeds while the overexpression causes larger seeds. The AUXIN RESPONSE FACTOR 2 (ARF2) controls seed 

size in Arabidopsis, by regulating cell proliferation in the maternal layers (Li and Li, 2016). While hormonal signalling 

and cross talk has been broadly investigated in plants such as Arabidopsis and rice, in wheat our understanding is still 

limited specially under field conditions. This is despite hormones playing key roles in important agronomical traits in wheat, 

such as final grain size, germination and disease resistance (Qi et al., 2019). The introduction in 1960 of the semi-dwarfing 

alleles of the RHT1 genes substantially increased grain yields by manipulating the GA signalling pathway in wheat and 

rice. We will further introduce the GA pathway in chapter 4. Other GA  responsive alleles have the potential to increase 

yield by manipulating the biosynthesis of the gibberellins pathway (Qi et al., 2019). To date, the mode of action of 

the RH12, RHT14, RHT18, and RHT24 alleles had been characterized an increased expression of 

GA2oxidaseA13 genes caused decreases in the biosynthesis of GA12 resulting in low concentrations of the 

bioactive GA1 (see chapter 5, section 5.1.9) (Agarwal et al., 2020). Recently, a new Rht13 allele that encodes 

a nucleotide-binding site leucine-rich repeat (NBS-LRR) gene, not related to the GA signalling or metabolism, 

reduces plant height by interfering with cell wall properties constraining cell expansion and cell growth. The 

reduction in plant height is comparable to the conventional Rht-B1b and Rht-D1b dwarfing genes. This novel 

allele might be of beneficial used in the field as the height-reducing effect of the Rht-13 dwarfism gene is 



14  

mostly related with a reduction in peduncle growth and is not correlated with decreased seedling growth or 

coleoptile length (Borill et al., 2022). 

 

1.1.1. The GW2 gene for grain weight and size in wheat 
 

In chapter 2, we describe the GRAIN WIDTH 2 (GW2) gene and its effect on grain size and weight in detail. However, 

given that GW2 is a central component of this thesis, we will briefly introduce it here. The GW2 gene was first              discovered 

and described in rice. It was found to negatively affect grain weight and size and to encode for a novel  RING-type protein 

with a E3 ubiquitin ligase activity (Song et al., 2007). In bread wheat, it was discovered based on its homology to rice, and it 

was demonstrated that all three homoeologous copies are expressed (Su et al., 2011a). Simmonds et al. (2016) generated 

a set of Paragon NILs where the gw2-A1 mutant allele increased TGW by 6% and grain morphometrics by ~2.3%, 

compared to the wildtype NIL. Consistent with that, Geng et al. (2017) found  that in cv Chinese Spring, the increases on 

grain size was due to increases on cell number and cell size in the  endosperm of the single gw2-A1 mutant. Moreover, 

it was discovered that the gw2 mutant alleles have an additive  effect on grain size, and as the number of mutant copies 

increase, so does the effect on grain weight: single genome   mutants increase TGW by 5%, double mutants by 10.5% and 

triple mutants by 21% when compared to the controls (Wang et al., 2018). Furthermore, it was demonstrated in wheat that 

TaDA1-A1 and TaGW2-B1 (orthologous to Arabidopsis DA2) genes physically interact and that the RNAi mutants of both 

genes, act synergistically enhancing TGW (Liu et al., 2020). A triple da1 mutant in cv Trappe (EMS population) resulted in 

8% increases on TGW, and ~2% increase on grain morphometrics (Mora-Ramirez et al., 2021). These results provide 

strong evidence that the mechanistic understanding of the DA1-DA2 pathway from Arabidopsis can be transferred to wheat. 
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1.2. Creating NILs for grain weight and size: the gw2 alleles 

 

To understand how the GW2 genes work in different wheat cultivars, the Kronos and Cadenza TILLING 

populations were screened to identify GW2 mutants, first on chromosome 6A, and then followed by mutants on 

chromosomes                    6B and 6D Simmonds et al. (2016) and Wang et al. (2018). Briefly, the mutations and the NILs were 

developed as followed: 

• The GW2-A1 single mutant with a guanine (G) to adenine (A) transition was identified in Kronos mutant 

line T4-2235 in the splice acceptor site of exon 5 of the 6A genome copy of GW2. This leads to a mis- 

splicing of GW2-A1 and results in two types of mutant proteins: one which has a premature termination 

codon and results in a truncated gw2 protein, and a second type which is missing three amino acids but is 

rare (Figure 1.8). Once identified, Kronos mutant lineT4-2235 was crossed to cv Paragon, and further 

backcrossed four times to generate the A genome single mutant gw2 NILs (Simmonds et al., 2016). 

• The GW2-B1 TILLING mutant was identified in Kronos341, carrying the heterozygous C2504T mutation 

causing a truncated protein due to a premature stop codon (Figure 1.8). Once identified, Kronos341 was 

crossed to cv Paragon and NILs differing for the presence of the wildtype and mutant GW2-B1 allele were 

generated (Wang et al., 2018). 

• Finally, the GW2- D1 TILLING mutant was identified in Cadenza using an in silico approach (Krasileva 

et al., 2017). Cadenza mutant line 1441 carries a homozygous mutation G7139A with a G to A mutation 

causing a truncated protein due to a premature stop codon (Figure 1.8). The Cadenza mutant line 1441, was 

crossed to Paragon and NILs were again developed for the GW2-D1 single mutant. 

• Based on the individual Paragon single mutants, the Paragon gw2 triple mutant NILs (and the associated 

single and double mutant lines) were generated (Wang et al., 2018). This germplasm will be used 

extensively in the thesis. 
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Figure 1-8: Mutations in the wheat GW2 gene a) GW2-A1 where a G>A transition causing missplicing of exon 5. b) 

GW2-B1 where a C>T transition causes a premature stop codon in exon 5. c) GW2-D1 a G698A substitution causes a 

premature stop codon in exon 7. Premature stop codons are marked by the red asterisk. Figure from (Wang et al., 

2018). 

 

 

1.3. Thesis aims 

 

The overall aim of this thesis is to understand whether the gw2 alleles increase grain weight and grain morphometrics 

in different bread wheat cultivars tested under different environments. In addition, we want to understand if these 

increases are mediated by the plant hormones gibberellins. We combined phenotypic characterisation, chemical 

assays, analytical chemistry and genetics to answer the following questions: 

• Do the gw2 knockout alleles increase grain weight and size across years, environments and different wheat 

cultivars? For this purpose: 

o We tested the gw2 single, double and triple mutant Paragon NILs across three different years 

(2019, 2020, 2021) and environments in the UK. 

o We evaluated single gw2-A1 and gw2 triple mutants NILs in two CIMMYT cultivars under 

irrigation, drought and heat stress in 2019 and 2022 in CIMMYT, Ciudad Obregon, Mexico. 

• Is there any alteration in the gibberellin pathway leading to increases on grain weight and size in Paragon 

NILs? We first addressed this by conducting glasshouse experiments using bioactive GA and a gibberellin 

antagonist, paclobutrazol. We also wanted to understand if gw2 interacts with the semi dwarf Rht-B1b 

allele. To address this, we generated crosses between Paragon gw2 triple mutant x Paragon Rht-B1b NILs 

and evaluated them in the field. 
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2. The effect of the TaGW2 mutants NILs on grain weight and 

yield in cultivar Paragon 

 

2.1. Chapter summary 

 
In this chapter, a detailed characterisation of the TaGW2 single, double and triple mutant NILs, alongside the WT in 

cultivar Paragon, was conducted across three growing seasons of field trials. Phenology and yield components were 

evaluated and discussed in detail. Overall, we found that thousand grain weight increased consistently as the number 

of GW2 copies were mutated mainly due to increases in grain width. We found that yield does not increase in the 

single and double mutants, but a significant decrease was found in the triple mutants. Furthermore, we found that 

tiller number decreases alongside seed number per spike and final seed set, most likely offsetting the increases in 

grain weight. 

2.2. Introduction 

 
Cereal crops belonging to the grass (Poaceae) family, such as wheat (Triticum sp.), maize (Zea mays) and rice (Oryza 

sativa), are staple foods worldwide accounting for 32% (2.7 billion tonnes) of the world food production in 2019. 

Wheat accounts for 8% of the world food production with 0.8 billion tonnes produced yearly. In 2020, the Food and 

Agriculture Organization of the United Nations (FAO) stated that between 720-811 million people in the world faced 

hunger and that cropland area per capita decreased in all regions between 2000 and 2019 as population increased 

faster than croplandareas(FAO, 2021). Moreover, the demand for wheat from farmers, consumers and food industry 

is currently increasing due to its high protein content and broad growing range (Reynolds et al., 2022). To keep up 

with the demand for cereals and achieve sustainable productivity and yield, the development of new varieties with 

improved grain yield potential is needed (Sakuma and Schnurbusch, 2020). 

 

In the past century, improvements on grain yield have been achieved by increasing the number of grains per spike 

and spikelet as grain number determines yield (Sanchez-Garcia et al., 2013). A comprehensive study summarizing 

20 years of data found that yield is positively associated to what are known as yield components such as grains per 

spike, spikes per unit area and individual grain weight (Xie and Sparkes, 2021a). To understand the contribution of 

each of the yield components towards final yield, a reductionist approach has been adopted, for example, focusing 

on the role of final grain weight and grain morphometrics (width, length) Brinton and Uauy (2019) as a strategy to 

improve yield and end use quality (Zhang et al., 2018). One of the genes that has been identified is the GRAIN 

WIDTH2 (GW2) gene that negatively regulates grain weight and size. GW2 was discovered in rice and encodes a 

previously unknown RING-type protein with E3 ubiquitin ligase activity, involved in the degradation pathway of 

the ubiquitin-proteasome (Song et al., 2007). 
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There have been multiple studies in wheat investigating the effect of GW2 on yield. The GW2 gene was first 

described and cloned by Su et al. (2011b) based on its homology to rice. Furthermore, they found that all GW2 

homoeologues copies (A, B and D located on group 6 chromosomes) are expressed. Yang et al. (2012) sequenced 

the complete GW2-A1 gene and found that in the wheat cultivar ‘Lankaodali’, a single T base insertion in the eighth 

exon led to a frameshift mutation that reduces the coding protein sequence from 424 amino acids in the WT to 328 

amino acids (-96 amino acids); this mutation was associated with higher grain weight. Following this discovery, a 

segregating population for grain size and width was created by crossing Lankaodali x Chinese Spring (CS); the 

F2:3 families with the mutant gw2-A1 allele significantly increased seed width and thousand grain weight (TGW). In 

contrast, RNA interference (RNAi) transgenic lines suppressing the three GW2 copies resulted in an unexpected 

significant reduction in grain weight and size (Bednarek et al., 2012). Qin et al. (2014) found that the GW2-A1 has 

two main haplotypes: Hap-6A-A which was more frequent in Australian, Chinese, and Russian cultivars whereas 

Hap-6A-G was predominant in US, CIMMYT and European accessions. GW2-B1 forms four haplotypes  related to 

TGW and heading date: Hap-6B-1 and Hap-6B-2 were more frequent in all regions followed by Hap-6B- 3, while 

Hap-6B-4 is virtually absent. An additive effect between GW2-A1 and GW2-B1 (Hap-6A-A/Hap-6B-1)  was 

correlated positively with TGW and width in modern cultivars. Simmonds et al. (2016) generated a set of near 

isogenic lines (NILs; lines that differ for only a small segment of the genome allowing the study of phenotypic effect 

of a single gene/genomic interval in the same genetic background Brinton et al. (2017) using mutants identified by 

screening the Kronos TILLING population (Uauy et al., 2009). The gw2-A1 single mutants carried a G to A 

transition in exon five causing missplicing of exons and resulting in a truncated protein of 134 amino acids. The 

single mutant allele was backcrossed in both tetraploid and hexaploid wheat and evaluated in glasshouse and field 

experiments. It was found that BC4 NILs with the gw2-A1 mutant allele showed a 6% increase in TGW whereas 

grain width and length were increased by 2.8% and 2.1%, respectively. Geng et al. (2017) reported that the increase 

in width and TGW in a Chinese Spring (CS) NIL31 single gw2-A1 mutant (generated between a cross of Chinese 

winter wheat cultivar Lankaodali and CS), was due to an increase in cell number and cell size in the endosperm 

based on histological observations through the developing seed. Moreover, it was found that both cytokinin and 

AGPase (starch biosynthesis) genes are positively regulated in the single gw2-A1 mutant lines when compared with 

the controls. Zhai et al. (2018) generated single gw2-A1 NILs after evaluating 191 recombinant inbred lines (RIL) 

between two Chinese hexaploid winter wheat cultivars Yumai 8679 (Y8679) and Jing 411 (J411). Theallele coming 

from the cultivar Yumai 8679 increased TGW by 8.3% but decreased seed number by 3%. In 2018, Wang and 

Simmonds Wang et al. (2018) generated CRISPR-Cas9 genome edited alleles of GW2 in cultivar Bobwhite and 

NILs carrying different EMS-mutant alleles in cultivar Paragon. Using these two complementary approaches, each 

homoeologous gene copy was knocked out (KO), generating single, double, and triple homozygous mutants. It was 

demonstrated that GW2 has an additive effect on grain size and weight in glasshouse trails. Single copy lines 

increased TGW by 5%, double mutants by 10.5% and triple mutants by 21% when compared to the controls (Figure 

2.1). Taking together all the results cited above, with one exception (RNAi by Bednarek et al. 2012), agreed on the 

positive and additive effect of the gw2 alleles on TGW and grain morphometrics that is consistent across cultivars 

and growing conditions. 
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Figure 2-1: Increase in grain width (left) and length (right) in Paragon NILs with decreasing 

number of functional GW2 copies (indicated by numbers). The Paragon WT NIL is shown with 

six functional copies whereas the Paragon gw2 triple mutant has zero functional copies. 

Adapted from Wang and Simmonds et al 2018. 

 

 

In addition to its effect on grain size, GW2 has been also found to influence grain protein content, grain storage and 

starch biosynthesis which might explain the increases on both TGW and grain morphometrics. Zhang et al. (2018) 

investigated the grain protein content (GPC) and grain storage proteins (GSP) of the GW2 mutants in cultivar 

Kenong 199. They found that the GPC was elevated in the single B copy mutants by 18.8% while GSP by 17.2%. 

In the double B and D gw2 mutants, the GPC increased by 15.4% and the GSP by 3.2% when compared to the 

wildtype. In a recent study, it was found that the CS WT (GW2) binds to the starch synthesis TaAGPS gene targeting 

it for ubiquitination. In contrast, the CS gw2 single mutant (NIL31) does not target TaAGPS for destruction. As a 

result, the average number and average area of the starch granules increases in the NIL31 endosperm when compared 

with the WT. The TaAGPS positively regulates seed size in transgenic Arabidopsis lines (Lv et al., 2022). 

 

Although advances in the understanding of how GW2 works and interacts with other genes has been made, many 

questions remain unanswered with respect to its effect on yield. Most of the experiments have been conducted in the 

glasshouse or across one or two field growing seasons, and have focused on TGW, grain morphometrics and spike 

yield. However, there are few reports on additional important yield components such as grain number and final grain 

yield, especially in the double and triple mutants as most of the studies have a focus on the single mutants. We wanted 

to understand if significant increases in TGW would be closely associated with increases in grain yield and the trade- 

offs among yield components. Here we present field studies of Paragon NILs carrying a single, double, and triple 

mutant combination of the GW2 gene conducted across three growing seasons (2019, 2020, 2021) in a UK rainfed 

environment. We also performed analyses on the grain protein content of the triple mutants for the first time. 
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2.3. Material and methods 

2.3.1. Plant material and growing conditions 

 
The Paragon NILs used in this chapter were generated by James Simmonds and are fully described in Wang and 

Simmonds et. al (2018). Briefly, the gw2-A1 mutant allele carrying a homozygous G to A mutation at exon 5 

(G2373A) was discovered through screening of the Kronos TILLING population Uauy et al. (2009) as reported in 

Simmonds et al (2016). For GW2-B1, a heterozygous C to T transition at position 514 of the GW2-B1 gene coding 

sequence (CDS) in exon 5 (position 2504 in gDNA) was found, leading to a premature stop codon in TILLING line 

Kronos0341. The D genome mutation was discovered through the in-silico wheat TILLING database (wheat- 

tilling.com,Krasileva et al. (2017)) using a BLASTN-based comparison of the GW2-D1 sequence. TILLING line 

Cadenza1441 was identified as containing a G to A transition at position 698 of CDS in exon 7 (position 7139 in 

gDNA) causing a premature termination codon. 

All NILs were evaluated in Church Farm in Norfolk, UK (52.628 N, 1.171 E). All lines were grown following the 

experimental design conducted by Brinton et al. (2017) in rainfed, large-scale yield plot (1.1 x 6 m) as a randomised 

complete block design with five replicates during 2019, 2020, 2021. We use five blocks instead of three, to 

maximize data output and to ensure there is enough statistical power to uncover yield variation in the 

field. All the generated NILs had sister lines that were all merged and analysed as single, double, or triple mutants 

(see Supplementary Materials 6 for the complete list of NILs). 

2.3.2. Grain morphometrics, spike yield components and phenotyping 

Thousand grain weight and grain morphometrics (grain width and grain length) were taken using a Marvin grain 

analyser (GTA Sensorik GmbH, Germany) connected to a digital scale (Precisa BJ 610C). The grain samples were 

taken from harvested field trials from each plot. Spike yield components were taken from ten main spikes coming 

from each 6.6 m2 plot in the field. Both spike yield components and developmental traits (phenology) were measured 

as follow: 

• Spikelet number per spike: Ten randomly selected main spikes per plot were collected and the total number 

of all spikelets across the spike were counted. 

• Viable spikelets: all spikelets containing at least one grain 

• Seed number per spike: total number of grains coming from a single spike 

• Spike yield: total seed weight per individual spike 

• Seeds per spikelet: ratio between seed number and viable number 

• Days to heading days from sowing until 75% of the plot had visible spikes 

• Days to maturity: days from sowing until 75% of the plot reaches maturity (complete yellowing of the 

spike) 

• Total tiller number in 2019-2020 and 2021: Two 1 m² quadrats were placed in the inner rows, main tillers 

with fertile spikes were counted within the quadrat at dough development (GS83, early dough 

development). 

• Total tiller number in 2022: Two 1 m² quadrats were placed in the inner rows, main tillers with fertile 

spikes were counted within the quadrat at booting stage (GS45, flag leaf swollen or Waddington scale ~ 

8) and at dough development (GS83, early dough development). 

• Crop height: total length of individual culms from the soil surface to the tip of the spike excluding awns 

taken 14 days after anthesis. 

https://www.biorxiv.org/content/10.1101/327874v1.full#ref-21
http://www.wheat-tilling.com/
http://www.wheat-tilling.com/
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2.3.3. Grain Protein Content 

 

The grain protein content was measured with Perten DA7250 Near Infrared Reflectance (NIR) device. Paragon gw2 

triple mutants and Paragon WT seeds were analysed by placing them under the infrared reader making sure that the 

seeds were evenly distributed in the plate reader. All the seeds were coming from field trials from the 2020-2021 

growing seasons. 

 

2.3.4. Statistical analyses 

 

 
The statistical analyses were carried out with R studio 1.4.11 and the package lme4 1.1. A mixed effects model was 

fitted for each of the response variables (e.g., TGW, seed width, seed length, yield, spike yield and phenology) with, 

genotype, and the Year/Block interaction as a nested effect in response to genotype. The P values for explanatory 

variables in individual models refer to the P values computed by the ANOVA. Percentage difference data refer to 

the estimated marginal means deriving from the same models. The statistical analyses for tiller number were 

performed as a two ways ANOVA considering Genotype* (Paragon NILs WT and gw2 triple mutants plus and 

extra Paragon WT control which is not display in the table) and Trial Name (different lines were coming from 

different crosses and/ or sister lines so we consider it as a factorial trial). 

 

 

 

2.4. Results 

 

We assessed the effect of the GW2 KO mutants in single, double, and triple homoeolog combinations in cultivar 

Paragon. Grain weight, grain morphometrics, spike yield components, phenology, and final yield across three years 

of field trial were analysed and discussed. Paragon WT will be referred to as WT, while Paragon single mutants (A, 

B or D), double (AB, BD or DA) and triple (ABD) mutants will be denoted as single, double, and triple mutants. 

2.4.1. Thousand grain weight (TGW) increases in a dose-dependent manner as    

copy numbers are mutated 

A three-way ANOVA (year*genotype*block/year) was conducted (Table 2.1) highlighting a borderline (P < 0.05) 

interaction between year and genotype for TGW. However, given the consistency of the data and the fact that the 

interaction is due to the magnitude of the effect, we discuss the data across all years (Figure 2.2). Overall, we found 

that TGW increased in a step wise manner as the number of GW2 gene copies were mutated when compared to the 

controls (WT). Albeit not significant (except for 2020), TGW increased in the single mutants by 2.8% whereas in 

the double mutants TGW increased significantly by 9.6 % (P < 0.0005) and by 21.4% (P < 0.0001) in the triple 

mutants, when compared to the WT. A Tukey post hoc analysis showed that in 2019 the difference between the 

single and double mutants was border lines significant (P<0.05) while in 2020 and 2021 a significant increase of 
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8.7% (P < 0.001) in weight was found. Finally, a significant increase of 9.6% (P < 0.0001) in weight was recorded 

between the double and triple mutants across all years. These results demonstrate the additive effect of the gw2 

mutant alleles on grain weight. Previously, Wang and Simmonds 2018 demonstrated the same effect in Paragon and 

Bobwhite lines in glasshouse/single plant experiments. 

 

Figure 2-2: TGW in Paragon WT, single, double and triple gw2 mutants across 2019, 2020, and 2021. The 

box represents the middle 50% of data with the borders of the box representing the 25th and 75th 

percentile. The horizontal line in the middle of the box represents the median. Whiskers represent the 

minimum and maximum values, unless a point exceeds 1.5 times the interquartile range in which case the 

whisker represents this value and values beyond this are plotted as single points (outliers). Statistical 

classifications are based on Tukey’s HSD tests. ns:P>0.05;*P<0.05;**P<0.01;***P<0.001;**** P<0.0001. 

 

 

 

2.4.2. Grain width underlies the increase in weight in Paragon double and triple 

gw2 mutants 

 
 

Previously, Simmonds et al, 2016 identified that the GW2 single mutants increase TGW by both wider and longer 

grains. We wanted to understand if the same increase in TGW was due to an increase in width or length in the double 

and triple mutants across different years of field trials. We found that in the single mutants, width did not significantly 

increase which is consistent with the effects seen for TGW. In the double and triple mutants, width increased 

consistently across year by 3.7% (P< 0.0001) and 7.6% (P< 0.0001), respectively, when compared to the WT. 

Following the same trend as TGW, width increased significantly and consistently by 1.91% (P < 0.0001) between 

the single and the double mutants (except in 2019), same was found for the double and the triple mutants where a 

significant 3.6% (P < 0.0001) increase was found following a step wise pattern (Figure 2.3) (Table 2.1). 
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Figure 2-3: Grain width in Paragon WT, single, double and gw2 triple mutants across 2019, 2020 and 2011.The box 

represents the middle 50% of data with the borders of the box representing the 25th and 75th percentile. Statistical 

classifications are based on Tukey’s HSD tests. ns: P > 0.05; * P < 0.05; ** P < 0.01; ***P<0.001; **** P<0.0001. 

 

2.4.3. Grain length increases in a dose-dependent manner between the double and 

triple gw2 mutants 

We analysed the contribution of the gw2 alleles on grain length across all years. A three-way ANOVA was 

performed, showing a borderline non-significant interaction between year and genotype (P< 0.07). We found that in 

the single mutants, length was non-significant (P> 0.05) across all years, while for the double and the triple mutants, 

length significantly increased (P< 0.001) by 3.1% and 7.2%, respectively, when compared to the WT. Between the 

single and the double mutants, a 1.67% (P< 0.01) increase was found and once more grain length increased 

significantly by 3.8% (P < 0.0001) between the double and triple mutants. These results are consistent with the 

increases in TGW and grain width demonstrating that the effect of the gw2 allele on grain length is additive and 

consistent across years (Figure 2.4, Table 2.1). 

 

Figure 2-4: Grain length in Paragon WT, single, double and gw2 triple mutants across 2019, 2020 and 2011.The box 

represents the middle 50% of data with the borders of the box representing the 25th and 75th percentile. Statistical 

classifications are based on Tukey’s HSD tests. ns: P > 0.05; ** P < 0.01; ***P<0.001; **** P<0.0001. 
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In summary, we found that the effect of the single mutations are very subtle under field conditions with non- 

significant increases on TGW, width and length. On the other hand, significant increases on grain weight and grain 

morphometrics were found in the double and triple mutants when compared with the WT across all years. 

2.4.4. Final yield decreases in the triple mutants in 2020 and 2021 

 

 
We hypothesized that bigger and heavier grains would lead to an increase in yield. For that reason, we grew the NILs 

in yield plots (1.1 m x 6 m) and evaluated them for final yield. Overall, we found that yield did not increase across 

three years in the single, double and triple mutants when compared to the WT. On the contrary, a significant decrease 

of 5.8% (P < 0.01) and 3.6% (P < 0.18) was measured in 2020 and 2021, respectively, in the triple mutants when 

compared to the WT (Figure 2.5, Table 2.1). These results were unexpected as we hypothesize that the >20 % 

increase in TGW would lead to yield gains in field conditions. 

 

 

 
Figure 2-5: Plot yield in Paragon WT, single, double and gw2 triple mutants across 2019, 2020 and 2011.The box 

represents the middle 50% of data with the borders of the box representing the 25th and 75th percentile. ns: P > 

0.05; * P < 0.05; *** P<0.001. 
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Table 2-1: Mean thousand grain weight (TGW), grain morphometric and yield parameters of Paragon WT, single, double, and triple gw2 mutants. Means are from biological 

replicates per year (N varies per year), Delta values (%) vs WT. For TGW, width and length across all years, the triple mutants were significantly higher than the double mutants. 

Similarly, the double mutants were also significantly higher than the single mutants. Opposite, yield decreased as the number of mutations increased. Significant P values in bold. 

 

 

 

 

 

 

 

 

 

 

 

Year 

 

 

 

Genotype 

 

 

 

TGW (g) 

 

 

Delta 

(%) 

 

Tukey 

p values 

(vs WT) 

 

 

Grain Width 

(mm) 

 

 

Delta 

(%) 

 

Tukey p 

values 

(vs WT) 

 

 

Grain Length 

(mm) 

 

 

Delta 

(%) 

Tuke

y p 

values 

(vs 
WT) 

 

 

Yield 

(kg/plot) 

  

 

Delta 

(%) 

 

Tukey p 

values 

(vs WT) 

2019 WT (N=6) 45.8 ±1.07 .... .... 3.50 ±0.03 .... .... 6.57 ±0.05 .... .... 5.78 ±0.11 .... .... 

 Single (N=15) 48.2 ±0.65 5.2 0.2 3.67 ±0.01 4.9 0.03 6.69 ±0.03 1.8 0.25 5.74 ±0.06 -0.7 0.99 

 Double (N=15) 51.1 ±0.69 11.6 0.0002 3.73 ±0.02 6.6 0.0004 6.88 ±0.03 4.7 0.0001 5.76 ±0.07 -0.3 0.99 

 Triple (N=5) 57.6 ±1.13 25.8 0.0001 3.91 ±0.03 11.7 0.0001 7.20 ±0.06 9.6 0.0001 5.64 ±0.12 -2.4 0.82 

2020 WT (N=20) 46.4 ±0.5 .... .... 3.64 ±0.01 .... .... 6.50 ±0.03 .... .... 4.63 ±0.06 .... .... 

 Single (N=30) 47.7 ±0.4 2.8 0.33 3.69 ±0.01 1.4 0.19 6.57 ±0.02 1.1 0.28 4.53 ±0.05 -2.2 0.57 

 Double (N=30) 51.1 ±0.4 10.1 0.0001 3.78 ±0.01 3.8 0.0001 6.68 ±0.02 2.8 0.0001 4.57 ±0.05 -1.3 0.85 

 Triple (N=20) 57.1 ±0.5 23.1 0.0001 3.92 ±0.01 7.7 0.0001 7 ±0.06 7.7 0.0001 4.36 ±0.06 -5.8 0.01 

2021 WT (N=20) 38.7 ±0.5 .... .... 3.40 ±0.01 .... .... 6.20 ±0.03 .... .... 5.05 ±0.06 .... .... 

 Single (N=30) 38.6 ±0.4 -0.3 0.99 3.44 ±0.01 1.2 0.14 6.24 ±0.02 0.6 0.7 5.01 ±0.05 -0.8 0.97 

 Double (N=30) 41.2 ±0.4 6.5 0.007 3.52 ±0.01 3.5 0.0001 6.32 ±0.02 1.9 0.021 5 ±0.05 -1.0 0.95 

 Triple (N=20) 45.9 ±0.5 18.6 0.0001 3.92 ±0.01 15.3 0.0001 6.57 ±0.03 6.0 0.0001 4.87 ±0.06 -3.6 0.18 

Overall WT 42.9 ±0.7 .... .... 3.53 ±0.02 .... .... 6.37 ±0.03 .... .... 4.95 ±0.07 .... .... 

 Single 44.1 ±0.6 2.8 0.63 3.59 ±0.01 1.7 0.1 6.46 ±0.02 1.4 0.21 4.96 ±0.05 0.2 0.99 

 Double 47.0 ±0.6 9.6 0.0005 3.66 ±0.01 3.7 0.0001 6.57 ±0.02 3.1 0.0002 4.96 ±0.05 0.2 0.99 

 Triple 52.1 ±0.8 21.4 0.0001 3.80 ±0.02 7.6 0.0001 6.83 ±0.03 7.2 0.0001 4.72 ±0.07 -4.6 0.1 

Anova Year    0.0001    0.0001    0.0001    0.0001 

 Genotype    0.0001    0.0001    0.0001    0.001 

 Year:Block    1    1    1    0.06 

 Year:Genotype    0.05    1    0.07    1 

 Year:Block: 

Genotype 

   1    1    1    1 
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2.4.5. Dissecting spike yield components to understand the compensatory effects of 

gw2 on final yield 

 
To understand and identify pleiotropic effects of the GW2 allele affecting final yield, ten main spikes per plot/year 

of Paragon WT, single, double, and triple mutants were evaluated for a series of spike yield components These 

included spikelet number, viable spikelets, seed number, yield per spike and tiller number (Table 2.2). 

 

2.4.6. Spikelet number remains largely stable across years and genotypes 

We found no effect on final spikelet number in 2019-2020 however, in 2021 we found a slight decrease in spikelet 

number (P> 0.09) in the double mutant, (2.3%, 0.5 spikelet) and a significant decrease (P< 0.001) in the triple mutants 

(4.1%, 1 spikelet) when compared to the WT (Table 2.2). These results suggests that the difference across years is 

related to changes in the environment rather than the presence of GW2. 

2.4.7. Viable spikelets are not affected by the presence of the GW2 allele 

Consistent with spikelet number, the viability of the spikelets was not affected across years and genotypes, except in 

2021 were we found a decrease in viable spikelets (P<0.0001) in the triple mutants (4.8%, 21 vs 20, Table 2.2) versus  

the WT. Overall, the data suggests that GW2 does not affect viable spikelet number in the field. 

2.4.8. Seed number per spike decreased significantly in 2020-2021 in the triple 

mutants 

When analysing the total seed number (coming from ten main spikes), a non-significant effect was found when 

comparing the single and double mutants with the WT, except for 2021 where a significant decrease of 4.7% 

(P>0.01, 77.1 vs 73.5) was observed for the double mutant. Moreover, we found a significant decrease (P<0.0001) 

in the seed numbers in the triple mutants when compared to the WT across all three years (Figure 2.6), with the 

strongest effect observed in 2021. When comparing the single and double mutants, we did not observe any 

significant effect. Finally, when comparing the single and double mutants with the triple mutants, we found a 

significant effect (P>0.0001) in 2020 and 2021 were the seed number dropped (60<59<55 and 76<73<67, 

respectively, Figure 2.6, Table 2.2). This suggests a stepwise effect of increasing GW2 mutant copies and decreasing 

seed number per spike. Taken together, we see a significant decline in seed number per 10 spikes in the triple mutants 

across all years. This effect is not driven, however, by fewer viable spikelets as in 2019 and 2020 there were no 

effects on the spikelet number but there were significant decreases in seed number per spike in the triple mutants. 
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Figure 2-6: Seed number per ten main spikes in Paragon WT, single, double and gw2 triple mutants across 2019, 

2020 and 2011.The box represents the middle 50% of data with the borders of the box representing the 25th and 75th 

percentile. Statistical classifications are based on Tukey’s HSD tests. ns: P > 0.05; * P < 0.05; **** P < 0.0001. 

2.4.9. Yield per spike increases but not in a significant manner 

Consistent with the increases in TGW, individual yield per spike increased across all years in the single (2.4%), 

double (4.6%), and triple mutants (5.2%) when compared to the WT NILs. Although this effect was not significant, 

we can see it follows the same trend when the number of mutations increases (Table 2.2). 

2.4.10. Tiller number decreases significantly across years in the triple mutants 

Previously, we documented a slight decrease in yield (Table 1, Figure 5), but an increase in individual yield per spike 

(Table 2.2). We therefore counted the total tiller number to investigate if yield was affected not only by a decrease in 

seed number but also by the number of tillers per square meter. Across all years, we observed a significant 

(P>0.0001) decrease in tiller numbers when comparing the gw2 triple mutants to the WT NILs (77 vs 70 tillers/m2). 

Single and double mutants showed intermediate phenotypes consistent with a cumulative negative effect of gw2 

mutations on tiller number (Table 2.2). 
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Table 2-2: Spike yield components of ten representative single ears per plot from Paragon WT, single, double and triple mutants 

 

 

 
 

Year 

 
 

Genotype 

 

Spikelet 

number 

 

Spikelet 

# 

 

Tukey p values 

(vs WT) 

 

Viable 

Spikelets 

 

Viable Spk 

(#) 

Tukey p 

values (vs 
WT) 

 

Seed 

number/Spike 

 

Decreases in 

seed number 

 

Tukey p values 

(vs WT) 

2019 WT (N=6) 24.2 ±0.2 .... .... 22.8 ±0.3 .... .... 79.6 ±2.0 .... .... 

 Single (N=15) 24.7 ±0.1 +0.5 0.34 23.6 ±0.1 3.5 0.08 76.0 ±1.2 -3.6 0.42 

 Double (N=15) 24.4 ±0.1 +0.2 0.86 23 ±0.2 0.9 0.87 73.1 ±1.3 -6.5 0.04 

 Triple (N=5) 23.8 ±0.2 -0.4 0.8 22.3 ±0.3 -2.2 0.75 69.9 ±2.2 -9.7 0.008 

2020 WT (N=20) 19.8 ±0.1 .... .... 18.4 ±0.1 .... .... 61.8 ±1.1 .... .... 

 Single (N=30) 19.7 ±0.1 -0.1 0.96 18.4 ±0.1 0.0 0.99 60.7 ±0.9 -1.1 0.86 

 Double (N=30) 19.5 ±0.1 -0.3 0.31 18.0 ±0.1 -2.2 0.41 59.5 ±0.9 -1.3 0.38 

 Triple (N=20) 19.4 ±0.1 -0.4 0.28 17.9 ±0.1 -2.7 0.16 54.9 ±1.1 -6.9 0.0002 

2021 WT (N=20) 21.8 ±0.1 .... .... 21.0 ±0.1 .... .... 77.1 ±1.1 .... .... 

 Single (N=30) 21.7 ±0.1 -0.1 0.95 21.0 ±0.1 0.0 1 75.8 ±0.9 -1.7 0.79 

 Double (N=30) 21.3 ±0.1 -0.5 0.09 20.5 ±0.1 -0.5 0.07 73.5 ±0.9 -4.7 0.05 

 Triple (N=20) 20.9 ±0.1 -1.1 0.0002 20 ±0.1 -1.0 0.0001 66.9 ±1.1 -13.2 0.0001 

All 

years 
 

WT 

 

21.2 

 

±0.2 

 

.... 

 

.... 

 

20.1 

 

±0.2 

 

.... 

 

.... 

 

71.1 

 

±1.3 

 

.... 

 

.... 

 Single 21.5 ±0.2 +0.3 0.8 20.5 ±0.2 +0.4 0.94 69.8 ±0.9 -0.3 0.86 

 Double 21.1 ±0.2 -0.1 0.9 19.9 ±0.2 -0.2 0.16 67.6 ±1.0 -3.5 0.15 

 Triple 20.5 ±0.2 -0.7 0.2 19.3 ±0.2 -0.7 0.28 62.2 ±1.3 -8.9 0.0001 

Anova Year 
   

0.0001 
   

0.0001 
   

0.0001 

 Genotype    0.0001    0.0001    0.0001 

 Year:Block    0.05    1    0.001 

 Year:Genotype    0.1    0.1    0.5 

 Year: Block :Genotype    0.1    0.1    1 
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Table 2-2 (continued): Spike yield components of ten representative single ears per plot from Paragon WT, single, double and triple mutant 

 

 

 

 
Year Genotype Yield per Spike Delta 

(%) 

Tukey 

p 

values 

(vs 

WT) 

Seeds/ Spikelet Delta 

(%) 

Tukey 

P 

values 

(vs 

WT) 

Tiller Number Delta 

(%) 

Tukey p 

values (vs 

WT) 

HLW* Delta 

(%) 

Tukey 

p 

values 

(vs 

WT) 

2019 
WT (N=6) 

3.98 ±0.11 .... .... 3.47 ±0.10 .... .... 80.3 ±1.32 .... .... 73.9 ±0.63 .... .... 

 
Single (N=15) 

4.01 ±0.06 0.8 0.98 3.20 ±0.06 -7.78 0.13 79.6 ±1.11 -0.9 0.92 75.3 ±0.36 1.89 0.21 

 
Double (N=15) 

4.10 ±0.07 3.0 0.79 3.15 ±0.06 -9.27 0.06 77.6 ±1.13 -3.4 0.1 74.5 ±0.38 0.81 0.81 

 
Triple (N=5) 

4.29 ±0.12 7.8 0.24 3.10 ±0.11 -10.66 0.09 73.5 ±1.34 -8.5 0.0001 72.5 ±0.62 -1.89 0.42 

2020 
WT (N=20) 

3.10 ±0.06 .... .... 3.35 ±0.04 .... .... 71.3 ±1.43 .... .... 75.9 ±0.30 .... .... 

 
Single (N=30) 

3.13 ±0.04 1.0 0.98 3.30 ±0.03 -1.43 0.82 70.8 ±1.17 -0.7 0.98 75.8 ±0.24 0 0.99 

 
Double (N=30) 

3.25 ±0.04 4.8 0.25 3.29 ±0.03 -1.60 0.72 68.3 ±1.17 -4.2 0.34 75.6 ±0.24 0 0.88 

 
Triple (N=20) 

3.31 ±0.06 6.8 0.1 
3.09 

±0.04 -7.75 0.0002 66.6 ±1.43 -6.6 0.09 75.4 ±0.30 0 0.68 

2021 
WT (N=20) 

3.27 ±0.06 .... .... 3.66 ±0.04 .... .... 79.2 ±1.43 .... .... 68.9 ±0.30 .... .... 

 
Single (N=30) 

3.25 ±0.04 -0.6 0.99 3.59 ±0.03 -1.64 0.66 77.4 ±1.17 -2.3 0.78 67.4 ±0.24 -2.17 0.001 

 
Double (N=30) 

3.33 ±0.04 1.8 0.85 3.58 ±0.03 6.88 0.44 76.6 ±1.17 -3.4 0.51 67.5 ±0.24 -2.18 0.001 

 
Triple (N=20) 

3.39 ±0.06 3.7 0.47 
3.34 

±0.04 -9.58 .0001 69.8 ±1.43 -12.1 0.0001 66.6 ±0.24 -3.33 0.0001 

Overall 
WT 

3.28 ±0.06 .... .... 3.52 ±0.03 .... .... 76.8 ±0.96 .... .... 72.6 ±0.62 .... .... 

 
Single 

3.36 ±0.04 2.4 0.79 3.41 ±0.02 -3.12 0.08 76.1 ±0.7 -0.9 0.99 72.3 ±0.49 0 0.98 

 
Double 

3.43 ±0.04 4.6 0.25 3.40 ±0.02 -3.40 0.05 74.1 ±0.7 -3.5 0.28 72.1 ±0.49 -0.5 0.90 

 
Triple 

3.45 ±0.06 5.2 0.23 3.21 ±0.03 -8.82 0.0001 70 ±0.9 -8.9 0.0001 71.2 ±0.63 -1.92 0.36 

Anova Year    0.0001    0.0001    0.0001    0.0001 

 Genotype    0.001    0.0001    0.0001    0.001 

 Year:Block    0.01    0.0001    0.1    0.5 

 Year:Genotype    1    0.20    0.1    0.0001 

 Year:Block:Genotype    0.5    1    0.1    1 
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Table 2-3: Developmental traits of Paragon WT, single, double and triple mutants. 

 

 

 

 
 

 

Year 

 

Genotype 

 

Height (cm) 

 

Days 

Tukey p 

values 

(vs WT) 

 

Days to Heading 

 

Days 

Tukey p 

values 

(vs WT) 

 

Days to Maturity 

 

Days 

Tukey p 

values 

(vs WT) 

 

GFD* 

 

Delta 

(%) 

Tukey p 

values (vs 

WT) 

 

2019 WT 91.4 ±1.4 .... .... 244 ±0.4 .... .... 298 ±0.3 .... .... 53 ±0.4 .... .... 

 single 93.0 ±0.9 +1.6 0.8 242 ±0.4 -2 ≤0.001 297 ±0.1 -1 0.32 55 ±0.2 3.8 0.09 

 double 93.2 ±0.9 +1.8 0.7 243 ±0.5 -1 0.04 297 ±0.2 -1 0.61 54 ±0.2 1.9 0.56 

 triple 94.5 ±1.6 +3.1 0.5 242 ±0.3 -2 0.01 297 ±0.3 -1 0.87 55 ±0.5 3.8 0.17 

2020 WT 72.8 ±0.8 .... .... 125 ±0.2 .... .... 172 ±0.1 .... .... 47 ±0.2 .... .... 
 

 single 73.4 ±0.6 +0.8 0.9 125 ±0.2 0.0 0.94 172 ±0.1 0.0 0.39 47 ±0.2 0.0 0.90  

 double 73.3 ±0.6 +0.7 0.9 125 ±0.2 0.0 0.99 172 ±0.1 0.0 0.47 47 ±0.2 0.0 0.81  

 triple 72.3 ±0.8 -0.5 0.9 125 ±0.2 0.0 0.63 172 ±0.1 0.0 0.93 47 ±0.2 0.0 0.94  

2021 WT 95.3 ±0.8 .... .... 216 ±0.2 .... .... 264 ±0.1 .... .... 47 ±0.2 .... .... 
 

 single 94.6 ±0.6 -0.7 0.9 216 ±0.2 0.0 0.67 264 ±0.1 0.0 1 48 ±0.2 2.1 0.84  

 double 94.3 ±0.6 -1.0 0.7 216 ±0.2 0.0 0.67 263 ±0.1 -1 0.82 47 ±0.2 0.0 0.98  

 triple 94.8 ±0.8 -0.5 0.9 216 ±0.2 0.0 0.9 263 ±0.1 -1 0.98 47 ±0.2 0.0 0.99  

Overall WT 84.9 ±1.6 .... .... 180 ±7.3 .... .... 228 ±7.5 .... .... 48 ±0.4 .... .... 
 

 single 85.8 ±1.2 +1.1 0.9 185 ±5.6 +5 0.99 234 ±5.8 +6 0.99 49 ±0.3 2.1 0.49  

 double 85.5 ±1.2 +0.7 0.9 184 ±5.7 +4 0.99 233 ±5.9 +5 0.99 48 ±0.3 0.0 0.85  

 triple 84.7 ±1.6 -0.2 0.9 178 ±7.3 -2 0.99 226 ±7.6 -2 0.99 48 ±0.4 0.0 0.99  

Anova Year 
   

0.0001 
   

0.0001 
   

0.0001 
   

0.0001 

 Genotype    1.00    0.01    0.5    0.1  

 Year:Block    0.01    1.00    0.0001    0.5  

 Year:Genotype    0.5    1.00    1.00    0.1  

 Year:Blo:Genotype    1.00    1.00    1.00    0.1  
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2.4.11. The mutated A allele increases TGW and width in the single and double 

mutants 

We wanted to investigate how the mutations across the single aaBBDD, AAbbDD, AABBdd copies compared 

among them with respect to yield, grain weight, and grain morphometrics. Previously, Wang and Simmonds (2016) 

found that the highest single genome increases were obtained in the A and B genome mutants in glasshouse 

experiments. We found that the A mutant allele increased TGW, width and length in 2020 and 2021 but we see no 

effect on final yield when compared to the B and D mutants (Figure 2.7). 

 
 

Figure 2-7: Yield, TGW, grain width and length in the WT AABBDD and single mutants aaBBDD, AAbbDD, AABBdd across 

2019, 2020 and 2021. The box represents the middle 50% of data with the borders of the box representing the 25th and 75th 

percentile. ns: P > 0.05; * P < 0.05; **P<0.01, ***P<0.001. The WT boxplots were placed only as a reference to the reader. 
 

Based on the data from the single mutants, we hypothesised that the double mutants carrying the A 

genome mutation in combination with either the B or D genome (AB or AD, respectively) would show 

increases in TGW and width. We found that, the AD combination increased TGW when compared to 

the double BD mutants. Regarding grain width, we found a favourable in the double AD mutants. 

Finally, length was found to be not uniform across years and mutations except for 2020 where the 

double AB mutants had an increased grain size (P<0.01, 6.69 mm vs 6.63 mm). 

Our results agree with what was previously reported by Wang and Simmonds (2018) in Paragon NILs where the A 

genome mutant allele increased TGW and grain width consistently with respect to the other alleles and WT. In the 

double mutants, the trait is less clear as most of the evaluated parameters were found to be non-significant. As 
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expected, final yield remains non-significant across all growing season except in year 2020 were we found that the 

AB mutants yield significantly (P < 0.01) more than the double AD copies (Figure 2.8). 

 

 
 

Figure 2-8: Yield (g), TGW (g), width and length in the WT AABBDD and double mutants aabbDD, aaBBdd, 

AAbbdd, across 2019,2020 and 2021.The box represents the middle 50% of data with the borders of the box 

representing the 25th and 75th percentile. ns: P > 0.05; * P < 0.05; **P<0.01. The WT boxplots were placed only as a 

reference to the reader. 

 

 

2.4.12 Phenological traits 

 

Finally, we measured phenology traits in the field to measure if the gw2 alleles had any effect on them. We found no 

significant effects of the gw2 mutations on height across the three years. In days to heading, again we found no 

significant effects although there were contrasting effects between mutants: Single and double mutants headed five 

days later than the control, whereas the triple mutants headed two days earlier than the wildtype controls but none of 

them were significant. In days to maturity, the trend mirrors that of heading date, with the triple mutants maturing 

earlier than the controls by two days while the single and double mutants had a delay in final maturity by five and 

six days, respectively, no differences were observed in grain filling duration (GFD) (Table 3). 



38  

 

2.4.13 Tiller number decreases at the same rate in two growing stages in both WT 

and triple mutants 

 
In the 2019-2021 growing seasons we found that tiller number was negatively affected by the presence of the gw2 

allele in a dose-dependent manner (Table 2.2). For that reason, we counted tiller number in the two most contrasting 

genotypes (WT and triple mutants) at two different growth stages if a fourth growing season in 2022. The first tiller 

counting was made at stage GS45 or early booting, as it is expected that the number of shoots per square meter will 

reach its maximum number here. We also measured at stage GS83 where tiller number should be lower due to tiller 

mortality and should remain unaltered until maturity. We found that the triple mutants had significantly less tillers 

14.4% (100 vs 85) than the WT at stage GS45 and that the differences in tiller number was maintained at stage GS38 

where a significant decrease of 15% (75 vs 65) was found between the triple mutants and the WT. The tiller abortion 

rate was calculated ([tiller number at GS45 - tiller number at GS83]/tiller number at GS45) and was found to be non- 

significant when compared to the WT (Table 2.4) 

 

Table 2-4: Tiller abortion rate between WT and triple mutants 

 

 
 

 

Year 

 

Genotype 

Tiller 

number 
GS45 

Delta 

(%) 

 

Tukey 

Tiller 

number GS83 

Delta 

(%) 

 

Tukey 

Tiller Abortion 

(%) 

Delta 

(%) 

 

Tukey 

2022 WT (36) 101 ± 3.16 -14.40% A 76.22±1.58 -15.40% A 23.6±2.05 3.00% A 

 triple mutants 
(37) 

 
85.64 ± 1.41 

  
B 

 
64.5±1.40 

  
B 24.3±1.16   

A 
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2.4.14 Grain protein content increase consistently in the triple mutants across 

years 

 
 

We found increases in grain protein content (GPC) in the double and triple mutants by 2.52% (P 

<0.05) and by 7.49% (P ≤0.001) respectively, in 2020 while in 2021, GPC only increased in the triple 

mutants by 5.3% (P ≤0.001). Our results agree with what was previously reported by Zhang et al. 

(2018), they found a significant increase in GPC in the single and double mutants. We will talk about 

the implications of these findings in the discussion. 

        Table 2-5: Grain protein content across NILs 
 

 
Year 

 

Genotype 
 

  GPC 

 
     SE 

 

Delta (%) 

Tukey 

P.values 

2020    WT 14.68 ±0.11    .... .... 

 single 14.81 ±0.09 0.89    0.83 

 double 15.05 ±0.09 2.52           0.05 

                   triple    15.78 ±0.11        7.49 ≤0.001 

2021      WT 13.79 ±0.11  .... .... 

 single 14.04 ±0.09 1.81 0.3 

 double 13.85 ±0.09 0.44     0.96 
                    triple    14.58 ±0.11        5.73 ≤0.001 

 

      ANOVA 

 

Year 

 

    

0.0001 

 Genotype 

 

   0.0001 

 Year:Block 

 

   0.30 

 Year:Genotype 

 

   0 .06 

 Year:Block: 

Genotype 

 

   0.91 
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2.5 Discussion 

The gw2 allele has been characterised across different plant species and wheat cultivars and found to have a role in 

negatively regulating grain weight and size. In this chapter, we analysed field data from three growing seasons in 

Paragon gw2 NILs carrying mutations in single homoeologs, or in combinations of double and triple mutants. We 

identified trade-offs between yield, TGW, seed number per spike and tiller number which we discuss below. 

2.5.1 Increases in TGW do not consistently translate into increases in final yield 

 
In this chapter, we found a consistent increase in TGW (2.8% single, 9.6% double and 21.4% triple mutant gw2 

NILs) and grain morphometrics conferred by mutations in individual or combinations of gw2 mutant alleles. Yield, 

however, did not increase in the single and double mutants while in the triple mutants, yield decreased significantly 

by 4.6%. To investigate further into yield losses, we conducted a Spearman correlation test across twelve yield and 

phenological parameters (Figure 2.9). We found among other variables, that TGW was positively correlated with 

grain area, width, and length while it was negatively correlated with tiller number and seed number per spike (traits 

that are highly correlated between each other). Additionally, we found that in our field experiments, yield was 

positively linked to seed number and tiller number but not to grain weight and grain morphometrics. 

 

 

 
Figure 2-9: Spearman’s correlation among twelve parameters, across all three growing seasons and mutations. In 

yellow and green significant correlations are depicted while blue purple colours negative correlations. Bigger circles 

represent stronger correlations while smaller circles weak correlations. 
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Several studies support our results of a trade-off between grain weight with seed and tiller number. Wiersma et al. 

(2001) conducted an experiment across eight growing seasons of recurrent selection for TGW in three Minnesota 

environments. He reported that increases of 31% in TGW did not translate into yield mainly due to a decrease in 

tiller number and grains per spike. Zhai et al. (2018), reported that in a set of four NILs coming from Yumai 8679 

and Jing 411 although TGW increased by 8%, seed number decreased by 3% in the lines carrying the Yumai 8679 

allele on chromosome 6A. Würschum et al. (2018) studied a panel with 407 European winter wheat accessions, 

sown in three sites across Germany. They observed that the number of grains per spike and spikelet fertility were 

positively correlated while, both traits showed a significant negative correlation with TGW. Thus, despite the 

isogenic nature of the lines and the large effect on grain size in the triple mutants, our results are consistent with 

previous studies and show that there is a very tight negative correlation between grain size and seed number as these 

two processes overlap in space and time making it impossible for the plant to compensate for seed number 

(Figure 2.10). 

 
 

 
Figure 2-10: Growth dynamic of seed number and grain weight in wheat from booting to maturity. The blue 

triangle* represents the early effect of GW2 on ovary growth, follow by lag phase and grain filling. The overlap 

between seed number and grain weight from booting to the end of the lag phase is highlighted. Figure adapted from 

Calderini et al. (2021) 

 

In a ground-breaking study Calderini et al. (2021) proved that this trade-off can be overcome. They overexpress a 

TaExpA6 α-expansin transgene in young developing grains which results in significant increase in TGW and yield  by 

12.3% and 11% respectively, without affecting grain number. Suggesting that the increase of GW without a 

negative impact on GN was due to the expression of the expansin transgene after the overlapping period of GW and 

GN determination, avoiding the trade-off between these yield components. 

 
Brinton et al. (2020) conducted a haplotype-based approach across chromosome 6A where the GW2-A1 gene is 

located and has been hypothesized to be at least partially responsible for heavier and wider grains. Across 15 

sequenced cultivars (Paragon included), the authors identified seven different haplotypes across a conserved 258 

Mbp centromeric region of chromosome 6A, where multiple  QTL and GWAS hits for productivity-related traits have 

been localised. Breeders have historically selected for this 258 Mbp interval on chromosome 6A due to its positive 

effects on yield. This region has relatively low recombination rates and contains over 2000 genes (Brinton et al., 

2020). This study showed that disruption of the interval led to intermediate effects on grain size and yield and the 
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authors argue that breeders have selected for the complete interval to maintain allelic combinations which maximise 

yield effects. Therefore, it is likely that there will be other genes beyond GW2 with small size effects on grain size or 

genes that might take part in other developmental process that affect yield. Thus, when generating the NILs we might 

have disrupted the Paragon recurrent parent haplotypes by introducing the gw2 mutations from Kronos (A and B 

genomes) and Cadenza (D-genome) mutants. Using the available wheat haplotype browser (http://www.crop- 

haplotypes.com/) we conducted a comparison between Cadenza (gw2-D1 allele donor) and Paragon across 

chromosome 6D and found that the D genome of both cultivars are identical by state. The A and B genomes were 

not analysed with this tool because cultivar Kronos (donor of the gw2-A1 and -B1 mutant alleles) is not yet 

assembled. Nevertheless, it is well documented that tetraploid and hexaploid wheat have distinct genetic diversity, 

including across chromosome 6A. In our lab, James Simmonds run 17 KASP markers diagnostic of the seven 6A 

haplotypes confirming that Kronos and Paragon belong to different haplotypes (personal communication). Until the 

exact genes that causes the positive effect on grain size on chromosome 6A are not cloned, it will be challenging 

even with NILs to identify pleiotropic effects like the reduction in tiller number and seed number found in this 

chapter. New precise gene editing technologies like CRISPR can help us to target only the gene of interest avoiding 

the potential pleiotropic effects of introducing hundreds of novel genes from Kronos into Paragon. Such lines were 

generated in cultivar Bobwhite by Wang et al. (2018) using CRISPR-Cas9 but there is only glasshouse data from 

them. Further field trials are needed to evaluate phenology, spike yield, final yield and potential pleiotropic effects to 

determine if the gw2 mutations per se are causing the reduction in tiller and seed number, or if there are additional 

genes along the 6A and 6B Kronos haplotypes which could be responsible. 

 

2.5.2 Advantages of breeding for heavier and bigger grain size 

For all NILs assessed in this chapter and across all growing seasons, we found that increases in grain size are mainly 

driven by grain width in the double and triple Paragon gw2 mutants. The effect is very robust and is independent 

from final yield (Figure 2.9). Bigger grains are suitable for deep planting of wheat under drought conditions in 

Mediterranean-like climates where low precipitations are common (< 300 mm annual). Deeper sowing allows these 

larger seeds to reach adequate soil moisture needed for germination (Rebetzke et al., 2005). The lack of moisture in 

the upper soil layers can cause the seedlings to dehydrate leading to poor emergence and establishment which 

translates into yield losses. Moreover, deep sowing can prevent seed removal from predators and provide protection 

against herbicide waste in the upper soil layers (Mohan et al., 2013). With the introduction of the semi-dwarf, 

gibberellin insensitive, Rht-B1b and Rht-D1b alleles, coleoptile length has decreased by 20% causing a poor seedling 

establishment if these cultivars are sown too deep (Rebetzke et al., 2007). Increasing seed size can affect positively 

coleoptile early emergence; Moore and Rebetzke (2015) studied a population of 150 double haploid lines with 

different embryo sizes and found that early vigour was positively correlated with TGW and embryo width, length 

and area, the effect nevertheless, was not always consistent across populations. In contrast, long coleoptiles that are 

gibberellin sensitive had significantly better emergence, positively correlating with an increase in spikes per plant, 

spikelets per spike and yield (Amram et al., 2015). However, selecting for TGW, does not necessarily translate into 

http://www.crop-haplotypes.com/
http://www.crop-haplotypes.com/
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increases in GPC, Guzmán et al. (2017) analysed data coming from 50 years of breeding for grain quality in 

CIMMYT semi-dwarf spring wheat lines, they found that TGW and GPC were not significant despite yield 

increases over the years. Laidig et al. (2017b) found that GPC decreased by 7.9% between 1983-2014 while grain 

yield increased by 24% in German winter wheat lines. In contrast, Wiersma et al. (2001) found that selecting for 

grain weight and grain morphometrics increases GPC by 0.16% per year, across eight growing cycles in Montana, 

United States. Here and against popular belief, we found that GPC increased across two years 2020 -2021 in 

Paragon gw2 triple mutants by 7.4% and 5.7%, respectively, when compared to the WT (Table 2.5). Zhang et al. 

(2018) reported that GPC increased in cv Kenong by 18.9% and 15.5% in the single mutants and in the double 

mutants respectively, increases in GPC were correlated with increases on cell number and cell length of the outer 

pericarp cells in developing grains. In rice Achary and Reddy (2021) found that the GW2 KO seeds accumulate 

substantially more (12–14%) total grain protein content when compared to the WT seeds related to a thickening of 

the endosperm. From these studies, we learn that the trade-offs between TGW and GPC can be overcome with the 

incorporation of novel alleles in wheat germplasm. Lastly, shifting grain size towards bigger kernels can be 

advantageous during combine harvesting as larger seeds are less likely to be blown away alongside the chaff causing 

yield losses. To date, we haven’t sown Paragon NILs at different soil depths to assess for emergence and the other 

traits mentioned above, but these would be important studies to understand the value of the larger grain weight in the 

absence of improved yield. 

 

Figure 2-11: Scatter plots, yield plotted against TGW(g). Centroids of distribution with their relative standard error bars and individual data 

points shown by genotype and year. 
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To visualise a way to select for bigger grain without yield penalties, we plotted yield vs TGW independently across 

three growing seasons (Figure 2.11). The scatter plots show that the increases on TGW are not significant among 

the WT and single mutants but that the significant increases in the double (9%) and triple mutants (20%) causes a 

yield decreased only the triple mutants across 2020 and 2021. Following these results, we propose the use of the 

double mutants in breeding programs as they balance the increase in grain weight yet circumvent the loss of yield 

observed in the triple mutants. It is important to acknowledge, however, that these results are in a single genetic 

background (cv. Paragon) grown in a single UK growing environment (Morley UK). 

 

2.5.3 Understanding the trade-offs between tiller number and grain number per 

spike and their effect on yield. 

 
In the introduction (see section 1.5.1 and 1.5.2) we discuss that the final tillers number (spikes per m²) and final grains 

per spike are determined pre anthesis and that both are classified as sink related yield traits (Dreisigacker et al., 2021). 

The consistent and additive negative effect on tiller number and seed number per spike found in the NILs allows us 

to hypothesize that the GW2 gene has an effect not only on final grain weight and grain size but in the already 

mentioned phenological traits. Our results display that both traits are positively correlated meaning that, when the 

tiller number  goes down so does the seed per spike. Moreover, the number of mutations in GW2 are negatively 

correlated with both traits (Figure 2.9). We verify the expression levels of the GW2 genes in different tissues 

using the https://bar.utoronto.ca tool. We found that  GW2 had its higher expression of ~20-21 transcript per 

million (TPM) in both the embryo and the grain at ripening stage, followed by an expression of ~ 8.9 TPM in 

ovaries while, at tillering stage in roots, shoots and first leaf sheath, the expression values were ~ 5.5 

TPM in cv. Azhurnaya which is wild type for GW2 (Ramirez- Gonzales et al., 2018 ; Winter et al., 2007). The high 

expression levels of the genes in ovary, embryo and grain are consistent with the literature and with GW2 being a 

seed growth repressor however, at tillering stages, we were not able to link our results based only on the expression 

profile. Furthermore, we need to consider that there is none or marginal expression of the gw2 alleles in Paragon 

gw2 triple mutants so we will expect these values to be lower than in cv Azhurnaya. 

Previously, it was reported that the effect of GW2 was first visible in developing carpels leading to increases in 

width and length from heading onwards (Brinton et al 2017). Here, we found that the triple mutants have less initial 

and final tiller number than the WT (-15%) across two different developmental stages, but that the tiller abortion 

ratio was similar between WT and triple mutants (both abort ~24% between stages). Taken    together, the decreases 

in tiller number across seasons might indicate that the mutations in the GW2 homoeologs       have a direct effect on 

tiller number, and perhaps floret survival, before anthesis. The question is how does the tiller                dynamics work in the 

mutant lines? We hypothesize three case scenarios: 

https://bar.utoronto.ca/
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Figure 2-12: Panel A) shows that the WT has more tillers since the beginning of the growing season and that both 

NILs had the same abortion rate. Panel B) shows how the two NILs start with the same number of tillers but during 

development the triple mutants lose more tillers that the WT. Panel C) shows that gw2 triple mutant produces more 

tillers but loses more at booting stage. 

 
 

Our data supports hypothesis A or C, as we demonstrated that at two growing stages, the mutants have less tiller 

when compared to the WT (Table 2.2) which makes hypothesis B unlikely (Figure 2.12). Nevertheless, we lack an 

earlier measurement at terminal spikelet stage. As a followed up, on the next growing season, we are going to count 

tiller  number per unit area at terminal spike and booting followed by shoot and spike number at anthesis and at seven-

ten days after anthesis. In that way, we can monitor the whole growth tiller dynamic of both NILs. Further field 

studies are needed to understand if GW2 affects the ratio between floret abortion at anthesis and floret survival 

(grains). To  do so, we will follow the method described by Prieto et al. (2018), Reynolds et al. (2022) as we 

hypothesize that  floret survival might be lower in the triple mutants which then leads to a reduction on final seed 

number per spike. From stem elongation onwards, five plants from each genotype are going to be sampled once a 

week. The spikes  from the main tillers are going to be dissected under a microscope and then within central spikelets 

floret primordia               are going to be counted and classified from 1 to n from the closest to the most distal positions with 

respect to the  rachis, the stage of development of each primordium is going to be determine following the 

Waddington scale Waddington. et al. (1983) until W10 (or anthesis). 
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2.5.4 Possible genes and pathways to achieved yield increases via increases in 

tiller number and grain number per spike 

 
 

As already stated in the introduction, in the past century, breeding efforts have focused on increasing the number of 

grains per spike Sanchez-Garcia et al. (2013), while increases in tiller number have great variation between cultivars 

and sowing densities. To date, 36 genes have been identified to affect grain number but only 13 of these genes have 

been analysed for yield related traits and trade-offs (Xie and Sparkes, 2021a). One of them is the Grain Number 

Increase 1 (GNI1) gene that is related to floret survival due to alternation in assimilate distribution. A significant 

fraction of the florets will degenerate after the beginning of floret primordia through a genetically controlled 

environment-responsive mechanism called floret abortion (Golan et al., 2019b). In a recent study, a GNI-A1 allele 

was found to contribute to the increases in the number of both fertile florets and grain set. Moreover, it was found 

that the allelic variation coming from cultivar Kitahonami which encodes a Y105N substitution increases grain 

number without adverse effects on spike yield and with yield increases of 10% and 30% across two growing sites 

in Japan (Sakuma et al., 2019). Alternatively, tiller number can be modified to boost final yield, a tiller related gene 

TaPIN1-6A was identified in wheat (cv. CB037) which is ortholog to Arabidopsis and rice. RNAi mutant lines were 

developed (TaPIN1-RNAi) and planted in the field. Overall, the three mutant lines increased significantly final tiller 

number by 25% suggesting that TaPIN1-6A plays a role in the regulation of tiller number (Yao et al., 2021). 

However, plants were sown at a very low density of 40 plants/m² vs 300 plants/m² on a conventional field which 

might explained the increases in tiller number. Another gene linked to tiller production was recently discovered, 

TaD27 (cv. Kenong199). TaD27-RNAi wheat plants had ~ 50% more tillers than the WT at maturity (Zhao et al., 

2020). But once more, the plant density was very low in comparison with lines sown for a commercial setting. The 

question here is how these two tiller related genes will behave in normal density plots. Interestingly, both studies 

linked tillers production with plant hormones, the first one with auxins for branch production and the second study 

with strigolactones which inhibits axillary bud outgrowth. In our lab James Simmonds is currently developing a set 

of NILs to investigate the gw2 triple mutants in both the GNI-A1 positive allele (Paragon) and WT GNI-A1 

(Cadenza) backgrounds. Soon, the lines are going to be evaluated in field experiments for floret survival, seed set 

and total grain number. 
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3. The effect of the GW2 mutations on TGW and yield in wheat 

cultivars Reedling and Kingbird across contrasting 

environments. 

 

3.1. Chapter summary 

In this chapter, we compared the effect of the gw2 mutant alleles in two wheat cultivars with contrasting grain size 

(Reedling, large grain size; Kingbird, small grain size), in contrasting field environments (Irrigation, Heat Stress and 

Drought) grown in CIMMYT's Norman E. Borlaug Experimental Station in the Yaqui Valley, in Mexico. We found 

contrasting effects, with the gw2 mutant alleles having a positive effect on TGW, yield and spike yield components 

in Kingbird, while in Reedling the effect was either non-significant or detrimental. This suggests that the gw2- 

mediated mechanism for increased grain size is genotype dependant. Furthermore, we found that Heat Stress and 

Drought reduced yield by an average of 50 % and 72%, respectively, when compared to irrigation. 

3.2. Introduction 

 
In chapter 2, we described the contribution of the gw2 mutant alleles on increasing grain weight and size in cv. 

Paragon NILs across three growing seasons in a fully irrigated environment in the United Kingdom. In this chapter, 

we investigated whether the introduction of the mutant alleles would also be beneficial in the two CIMMYT spring 

wheat cultivars (Kingbird and Reedling), with contrasting grain size phenotypes across different environments. The 

reasoning behind this is that wheat is a crop that is grown worldwide in a plethora of different environments. 

Therefore, it is exposed to different abiotic stresses and diseases that can cause final yield production to drop, and the 

phenology of the plant can vary largely dependent on the target environment. Optimal temperatures for wheat growth 

and development have been defined between 17 °C to 23 °C , while above 30 °C floret sterility occurs and grain 

filling and starch deposition are seriously compromised (Altenbach, 2012). 

 
Climate change, which refers to shifts in temperatures and novel weather patterns, are challenging the adaptability 

of wheat across many growing regions. According to the NOAA National Centres for Environmental Information 

(NOAA, 2020), temperatures have been constantly increasing since preindustrial times, while the IPCC 

(Intergovernmental Panel on Climate Change) predicted that average world temperatures will rise by 1.5 °C degrees 

in the next two decades (Reynolds et al., 2021b). For wheat, the average global yield is predicted to drop by 6.0 ± 

2.9% for every 1 °C increase in temperature (Zhao et al., 2017). Sukumaran et al. (2018) found that yield dropped 

11% for every 1 °C increase in temperature in a durum panel grown under heat stress in CIMMYT experimental 

field in Mexico. Ortiz-Monasterio R et al. (1994), found that yield, thousand grain weight (TGW) and seed per m² 

are compromised when mean temperatures rise between 20 days before heading and 10 days after heading. The 

timing and type of stress will also have an impact on the damage to the crop, e.g., if drought occurs at sowing time, 

poor emergence is expected. It was found that flowering time is the most susceptible stage while terminal drought 
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can lead to low harvest index and yield losses (Langridge and Reynolds, 2021). Moreover, extreme climatological 

conditions like extreme heat and flood can happen simultaneously across the Northern Hemisphere in areas known 

as breadbasket regions causing up to 11% reductions of crop output (Kornhuber et al., 2020). Overall, major yield 

losses are due to drought and heat at critical developmental points during wheat life cycle (Snowdon et al., 2021). In 

the latest FAO report, climate change was listed as one of the main factors that will cause food insecurity (FAO, 

2021). 

 
Despite the changing temperatures and rain regimens, wheat has the genetic potential to tolerate drought, heat stress 

or the combination of both (Langridge and Reynolds, 2021). Furthermore, advances in phenotyping, data analysis, 

bioinformatics and genome editing technologies can accelerate genetic gains (Langridge et al., 2021). Breeding for 

wheat varieties capable of adapting to extreme weather conditions like drought can be achieved by selecting for lines 

with higher yields in a water-limited context as it is assumed that this will combine the most favorable traits 

(Richards et al., 2010). Likewise, testing cultivars in multi- environments trials can help identify those cultivars which 

combine traits which make them resilient. As in the foreseeable future severe drought and heat will be more common 

and not the exception Lobell et al. (2011), urgent actions must be taken to tackle yield loses due to the reasons 

mentioned above. 

The desert conditions in Obregon with almost no rainfall during the cropping season enables screening for future 

extreme weather scenarios. These include complete drought stress, drought stress in specific growth stages (achieved 

using controlled drip irrigation), early or terminal heat stress by an alternation of planting dates and fully irrigated 

plots. Moreover, the setting allows to verify whether water saving technologies like drip irrigation can be applied to 

agriculture as a strategy to address the problem of water scarcity due to climate change (Patra et al., 2021). Our aim 

for this chapter was to understand if the gw2 alleles increase grain weight and grain morphometrics not only in 

different cultivars but also in different environments than that of the UK rainfed environment. Here we presented 

field studies where final yield, TGW and yield components were measured from cv Kingbird and cv Reedling NILs 

across two seasons 2019 -2022 grown under irrigation, drought and heat stress environments. 

 

 

 

3.3. Material and Methods 

3.3.1. Plant material and growing conditions 
 

gw2-A1 single mutants 

In 2014, two sets of gw2-A1 single mutant NILs in CIMMYT cultivars Reedling and Kingbird were developed by 

James Simmonds. Each pair or NILs (wildtype and gw2-A1 allele) comprised of four sister lines. The gw2-A1 mutant 

allele came from durum wheat cv Kronos (described in chapter 2) and the cultivars were tested with specific KASP 

markers (Simmonds et al., 2016) to confirm the presence of the gw2-A1 mutant allele in the NILs. After three 

backcrosses, the BC3 NILs were sent to CIMMYT's Norman E. Borlaug Experimental Station (CENEB) in the 

Yaqui Valley, Ciudad Obregon, Sonora, Mexico (27°24′ N, 109°56′ W, 38 masl). In 2018, the lines were grown 
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under four different treatments in randomized complete block designs, each comprising six replicates per genotype 

giving a total of 48 plots (24 plots per genotype) in 2m x 1m plots. 

The treatments were as follows: 

• Irrigation: Surface irrigation with water distributed evenly by gravity across the terrain. Plants were sown 

on 30th of November 2018 and harvested on the 26th of April in 2019. Irrigation was conducted for 11 hours 

every 30 days until maturity giving a total of five irrigation events across the cycle. The average temperature 

was 20 °C during daytime and 17°C during night-time. 

• Drought: Seeds were sown on the 3rd of December of 2018 and irrigation was carried out twice, once 

before sowing on the 17th of November of 2018 and after sowing on the 5th of February of 2019. Surface 

irrigation is performed by gravity flow to the surface of the field. The average temperature was 20 °C /17 

°C during night-time 

• Drip irrigation: Water drips to the base of the plants from above the soil through a system of tubes. Seeds 

were sown and harvested on the same dates as drought. Irrigation was conducted twice after sowing on the 

8th of December and on the 5th of February. The average temperature was 20 °C /17 °C during night-time. 

• Heat Stress: High temperatures were achieved by a late sowing on the 28th of January 2019 and a harvest 

date of 30th of May 2019. The average temperatures in the heat stress treatment were 23 °C max and 15 °C 

min and water was applied all along the life cycle of the crop every 30 days (for 11 hours) until harvest. 

Note that grain morphometrics from this environment are not available for either cultivar. 

 
 

gw2 triple mutants 

In 2017, gw2 triple mutants NILs were developed by James Simmonds at the John Innes Centre in both cultivars as 

follows: 

• The Reedling gw2 triple mutant NILs were developed by crossing Reedling GW2 wildtype plants with a 

Paragon (BC3F1) heterozygous for all three alleles. F1 plants heterozygous (GW2/gw2) for all three 

homoeologs were backcrossed to Reedling and this backcrossing cycle was repeated two more times. At 

the BC3F1 stage, plants were self-pollinated to generate BC3F2 seeds which were sown to select for the 

BC3F2 Reedling triple GW2 wildtype NIL and the Reedling triple gw2 mutant NIL. 

• The Kingbird NILs gw2 triple mutant were generated as above but by crossing and backcrossing to 

cultivar Kingbird. 

 

Seeds from both pairs of NILs, were sent in 2020 to the CIMMYT experimental field where they were sown in 

irrigation plots only for seed bulking. 

 In 2021, the two sets of triple mutant and triple wildtype NILs (Reedling and Kingbird background) were sown in 

the same four contrasting environments described above. Briefly, eight genotypes (2 GW2 alleles * 4 sister lines) 

with two replicates in Kingbird were grown (16 plots per environment), while in Reedling six genotypes (2 GW2 

https://en.wikipedia.org/wiki/Soil
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alleles * 3 sister lines) with two replicates were sown (twelve plots per environment). The field was managed as 

followed: 

• Irrigation: Plants were sown on the 24th of November 2021 and harvested on the 4th of May of 2022. 

During the growing season, the plots were irrigated seven times for 11 hours, at 15 days intervals. 

• Drought: Plants were sown on the 16th of December of 2021 and harvested on the 24th of May of 2022. 

The field was irrigated three times at 30 days intervals. The data for Kingbird is not available for this 

environment due to damage suffered by accidental herbicide spraying of the plots. 

• Heat Stress: Plants were sown on the 3rd of March of 2022 and harvested on the 16th of June of 2022. The 

field was irrigated six times for 11 hours at 15 days intervals until maturity. 

 

3.3.2. Phenotyping measurements 

 

 
Thousand grain weight and grain morphometrics (grain width and grain length) were taken using a SeedCount - 

Model SC5000 (Next Instruments, Australia), measuring the harvested grain samples from each of the plots. 

Developmental traits (phenology) were measured as follow: 

• Days to heading: days from sowing until 75% of the plot had visible spikes 

• Days to flowering: days from sowing until the 75% of the plot had visible yellow anthers 

• Days to maturity: days from sowing until 75% of the plot reaches maturity (complete yellowing of the 

spike) 

• Crop height: total length of individual culms from the soil surface to the tip of the spike excluding awns 

taken 14 days after anthesis. 

• Harvest Index: Thirty randomly selected culms were cut at maturity at the base of the stem, each spike 

was removed at the spike collar from the stem and separately stored in labelled paper bags (30 stems and 

30 spikes per plot). The samples were dried at constant heat (75 ºC) overnight to remove most of the 

water content. After 24 hours all the samples were weighed, and the spikes were threshed. The grains 

were stored in small paper bags and left to dry for 24 hours at (75 ºC) and weighed for thousand-grain 

weight (TGW). Harvest Index (HI) was calculated as: 

 

 

 
𝐻𝐼 = ( 

 

𝐺𝑟𝑎𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 
 

 

𝑊𝑒𝑖𝑔ℎ𝑡 
𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 

 
 
) ∗ 100 
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Spike yield components 

Spike yield components were taken from ten main spikes coming from the field plots and were measured as follows: 

• Spikelet number per spike: Ten randomly selected main spikes per plot were collected and the total number 

of spikelets were counted. 

• Viable spikelets: the number of spikelets containing grains across the spike 

• Seed number per spike: total number of grains coming from a single spike 

• Spike yield: total seed weight per individual spike 

• Seeds per spikelet: ratio between seed number and spikelet number 

• Height: total length of individual culms from the soil surface to the tip of the spike excluding awns taken 

14 days after anthesis. 

 

DNA extraction and KASP genotyping 

 

DNA extraction and Kompetitive Allele Specific Polymerase Chain Reaction (KASP) genotyping were performed  as 

previously described (Pallotta et al., 2003b, Trick et al., 2012). Briefly, leaf samples from 14 days old seedlings were 

collected and carefully placed on a 96 DNA tray and stored at -4 °C until the DNA extraction was conducted. Once 

extracted, KASP markers were tested for the gw2 homoeologs (Wang et al , 2018; Table 3.1) assays were performed in a 

384 well plate , 2.5 µL of DNA, 2.5 µL of KASP master mix (LGC, UK) and 0.07 µL of primer mix to a total 

volume of 5.07 µL. PCR was performed on an Eppendorf Mastercycler pro 384 using the following protocol: 

Hotstart at 95 °C for 5 min, ten touchdown cycles (95 °C for 20 s; touchdown 65 °C, −1 °C per cycle, 25 s) 

followed by 40 cycles of amplification (95 °C 10 s; 57 °C 60 s). Plates were read using PHERAstar FSX and 

genotype data was visualized with the KlusterCallerTM genotyping software (LGC, UK). 

 

Table 3-1: KASP gw2 primers sequence used in this study The black letters are target specific primers, the blue and 

red letters are common tails for FAM and HEX fluorescent signal respectively. 

 

 

 
Allele 

Amplified 

region 

 
Primer Name 

 
Primer Sequence (5'-3') 

  
TaGW2_A_WT_FAM 

GAAGGTGACCAAGTTCATGCTGCTTCAATG 

ACTTTCTGTTCTTCc 

KASPar-TaGW2-A G2373A SNP 
TaGW2_A_M_HEX 

GAAGGTCGGAGTCAACGGATTGCTTCAAT 

GACTTTCTGTTCTTCt 

  TaGW2_A_C AGAGCAATTTGTAAGTCTTATTCC 

  
TaGW2_B_WT_FAM 

GAAGGTGACCAAGTTCATGCTCTCCAACAA 

CAGAAGTGGAGTAc 

KASPar-TaGW2-B C2504T SNP 
TaGW2_B_M_HEX 

GAAGGTCGGAGTCAACGGATTCTCCAACA 

ACAGAAGTGGAGTTt 

  TaGW2_B_C GTAAGTTATCAGATTAAGCTACAGG 

  
TaGW2_D_WT_FAM 

GAAGGTGACCAAGTTCATGCTCATGATGGT 

TATGGAAGCGATTg 

KASPar-TaGW2-D G7139A SNP 
TaGW2_D_M_HEX 

GAAGGTCGGAGTCAACGGATTCATGATGG 

TTATGGAAGCGATTa 

  TaGW2_D_C GAAAACAATTTGATCCAACAAGTCA 
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3.3.3. Statistical analyses 

The statistical analyses were carried out with R studio 1.4.11 and the package lme4 1.1. A mixed effects model was 

fitted for each of the response variables (e.g., TGW, seed width, seed length, yield, and phenology) with mutation 

and genotype as fixed effects. The P values for explanatory variables in individual models refer to those computed 

by the ANOVA. Percentage difference data refer to the estimated marginal means deriving from the same models. 

Each environment was analysed separately in both 2019 and 2022. Field data from 2020 is missing due to the 

COVID-19 pandemic, which made both the sowing and data collection challenging, while in 2021 the gw2 triple 

mutants were sent only for seed bulking. Data from Kingbird in drought is not available for 2022, while the irrigated 

plots both in Kingbird and Reedling were damaged by herbicide application. 

 

3.4. Results 

 
In this section, we will present the field results from 2019 of the gw2-A1 single mutant NILs (aaBBDD) and the 

2022 results from the gw2 triple mutant NILs (aabbdd) in three contrasting environments grown at the CIMMYT 

Experimental Station, Norman E. Borlaug (CENEB) in the Yaqui Valley, Ciudad Obregon, Sonora, Mexico. 

3.4.1. Thousand grain weight and yield do not increase in the single gw2-A1 

mutants across environments and genotypes 

 

We hypothesize that the introgression of the gw2-A1 allele in both Reedling and Kingbird will increase TGW. 

Furthermore, we wanted to test the effect of the mutant allele under four contrasting environments: irrigation, drip, 

drought and heat stress. We conducted a two-way ANOVA considering the interaction between genotype and 

mutation for each environment. We found that the introgression of the gw2-A1 single mutant did not translate into 

increases in TGW in Irrigation, DRIP and drought (Figure 3.1, Figure 3.2, Figure 3.3) except for Kingbird NILs in 

Heat Stress where a 3.46% increase was found (Figure 3.4). Concerning yield, across all environments a non- 

significant effect was found except in Reedling NILs in drought where yield dropped significantly by 29% 

(P < 0.05) (Figure 3.3). These results were unexpected based on what was previously reported by (Wang et al., 2018, 

Simmonds et al., 2016) who found TGW increases of 6% under glasshouse and field experiments for both Kronos           

and Paragon single mutant NILs. 

These findings agree with the results from Chapter 2, where the single mutant Paragon NIL only increased TGW in 

2019 by 5.2%, and without any effect on final yield. We can hypothesise that the contribution of the single aa mutant 

allele is background dependent and environmentally unstable. (Simmonds et al., 2016) found increases in TGW in 

both Kronos and Paragon single mutants in UK and California under irrigated conditions and in glasshouse 

experiments. Glasshouse experiments however do not necessarily reflect how a cultivar and an allele will interact in 

field conditions. As TGW and grain morphometrics were found to be non-significantly affected in the single mutants 

and in order to test the contribution of the triple gw2 mutants on both cultivars across different environments, in the 

next section, we will analyse the data from the gw2 triple mutant in 2022. 
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Figure 3-1: TGW and yield in WT and single mutants Kingbird and Reedling under irrigation in 2019. The box 

represents the middle 50% of data with the borders of the box representing the 25th and 75th percentile. The 

horizontal line in the middle of the box represents the median. Whiskers represent the minimun and maximum 

values, unles a point exceeds 1.5 times the interquartile range in which case the whisker represents this value and 

values beyond this are plotted as single points (outliers). Statistical classifications are based on Tukey’s HSD tests. 

ns:P>0.05 

 
Figure 3-2: TGW and yield in WT and single mutants Kingbird and Reedling at DRIP in 2019. The box represents 

the middle 50% of data with the borders of the box representing the 25th and 75th percentile. Statistical 

classifications are based on Tukey’s HSD tests. ns: P > 0.05. 

 

 

 
Figure 3-3: TGW and yield in WT and single mutants Kingbird and Reedling in drought during 2019. The box 

represents the middle 50% of data with the borders of the box representing the 25th and 75th percentile. Statistical 

classifications are based on Tukey’s HSD tests. ns: P > 0.05; * P < 0.05. 
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Figure 3-4: TGW and yield in WT and single mutants Kingbird and Reedling in heat stress during 2019. The box 

represents the middle 50% of data with the borders of the box representing the 25th and 75th percentile. Statistical 

classifications are based on Tukey’s HSD tests. ns: P > 0.05; ** P < 0.01. 
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Table 3-2: Mean of phenology, thousand grain weight (TGW), grain morphometrics and Yield of Kingbird NILs in Irrigation, DRIP, drought and Heat Stress. Means are from 

biological replicates per year (N=24), Delta values (%) vs WT. DTH: Days to Heading, DTA: Days to anthesis, DTM: Days to maturity, HI: Harvest Index, TGW: Thousand Grain Weight. 

 

 

 

 
  KINGBIRD 2019  

Irrigation DRIP Drought Heat Stress 

  
single 

 
Delta 

Tukey P 

values (vs 

  
single Delta 

Tukey 

P values 

  
single 

 
Delta Tukey P values 

  
single 

 
Delta 

Tukey P 

values (vs 
Trait WT mutants (%) WT) WT mutants (%) (vs WT) WT mutants (%) (vs WT) WT mutants (%) WT) 

 

DTH 

DTA 

DTM 

Height (cm) 
 

HI 

Grain Length 

(mm) 

Grain width 

(mm) 
 

TGW (g) 

Yield 

(kg/plot) 

68±1.73 60.66±0.33 -10.78 0.001 
 

72±1 66±0.0 -8.33 0.001 
 

121±1 120.33±0.88 -0.55 0.56 
 

91±1.25 84.5±0.88 -7.14 0.03 
 

0.485±0.01 0.519±0.0 6.89 0.049 

 

6.14±0.02 6.13±0.05 -0.05 0.10 

 
3.36±0.02 3.32±0.02 -0.99 0.58 

 

41.77±0.8 40.38±0.7 -3.33 0.93 

 

957.36±18.14 1005.73±19.8 5.05 0.07 

63±0.57 55.6 ±0.33 -11.65 <0.001 
 

66.33±0.3 60±1.0 -9.54 <0.001 
 

104±1.15 102.33±0.3 -1.61 0.46 
 

77.16±1.09 77.5±1.75 0.44 0.94 
 

0.518±0.03 0.500±0.01 -3.53 0.48 

 

6.05±0.02 6.18±0.02 2.2 0.59 

 
3.14±0.01 3.15±0.02 0.32 0.56 

 

35.58±0.19 34.61±0.75 -2.73 0.02 

 

566.66±44.72 518±49.5 -8.59 0.88 

67.33±0.33 59±0.00 -12.38 <0.001 
 

70.66±0.33 65±0.00 -8.02 <0.001 
 

108.66±2.18 106±0 -2.45 0.130 
 

63.33±4.70 64.66±2.84 2.11 0.6812 
 

0.501±0.3 0.531±0.6 4.59 0.0140 

 

6.08±0.01 6.19±0.03 1.81 0.580 

 
3.14±0.02 3.14±0.06 0 0.874 

 

36.35±0.71 34.84±1.6 -4.14 0.150 

 

209.3±39.6 200.6±58.47 -4.14 1 

64.33±0.66 66.33±1.33 3.11 0.07 
 

69.66±0.33 71.66±1.76 2.87 0.157 
 

NA  NA  NA NA 

91±1 82.33±3.17 -9.52 NA 

0.483±0.009 0.51±0.01 7.56 NA 

NA  NA NA NA 

NA  NA NA NA 

33.83±0.6 35±0.9 3.46  0.01 

748.66±41.5 742±33.72 -0.89 0.5 
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Table 3-3: Mean of phenology, thousand grain weight (TGW), grain morphometrics and Yield of Reedling NILs in Irrigation, DRIP, drought and Heat Stress. Means are from biological 

replicates per year (N=24), Delta values (%) vs WT. DTH: Days to Heading, DTA: Days to anthesis, DTM: Days to maturity, HI: Harvest Index, TGW: Thousand Grain Weigh 

 

 

 
  REEDLING 2019  

 

Irrigation DRIP Drought Heat Stress 

  
single 

 
Delta 

Tukey P 

values (vs 

  
Single Delta 

Tukey P 

values 

  
single 

Tukey P 
Delta values (vs 

  
single 

 
Delta 

Tukey P 

values (vs 
Trait WT mutants (%) WT) WT mutants (%) (vs WT) WT mutants (%) WT) WT mutants (%) WT) 

 

DTH 

 

78.33±0.66 70.33±0.33 -10.21 <0.001 

 

73.33±0.33 64±0 -12.73 <0.001 
 

75.66±0.33 68.33±0.33 -9.692 <0.001 

- 

 
76.33±0.66 63.66±0.88 

- 

16.59 <0.001 

- 

DTA 83.66±1.33 74±0.57 -11.54 <0.001 76±0.5 67±0 -11.84 <0.001 79.33±0.33 71.33±0.33 10.084 <0.001 81.33±1.21 69±0.57 15.16 <0.001 

 

DTM 

 

123±1 120.33±0.88 -2.16 0.05 
 

114.66±1.33 112.66±2.02 -1.74 0.37 
 

116.33±0.33 114±0.5 -2.0 0.17 
 

NA NA NA NA 

 

Height 
 

HI 

Grain 

Length 

(mm) 

Grain 

width (mm) 
 

TGW (g) 

Yield 

122.16±2.16 102.33±1.45 -16.23 <0.001 
 

0.454±1.45 0.473±2.16 4.11 0.21 

 
 

6.45±0.04 6.51±0.09 0.82 0.008 

 
3.58±0.02 3.65±0.02 2.047 0.033 

 

48.363±1.16 51.67±0.88 6.837 0.17 

97.5±3.8 82.33±4.6 -15.56 0.01 
 

0.471±0.01 0.511±0.03 8.57 0.14 

 
 

6.40±0.01 6.43±0.03 0.47 0.17 

 
3.40±0.04 3.28±0.06 -3.53 0.22 

 

43.12±1.75 40.44±0.9 -6.22 0.50 

83.33±1.85 78.33±0.33 -6 0.15 
 

0.468±0.06 0.492±0.07 5.22 0.01 

 
 

6.28±0.05 6.44±0.05 2.54 0.05 

 
3.33±0.02 3.31±0.07 -0.60 0.81 

 

40.113±0.49 41.96±2.51 4.61 0.49 

- 

106.33±2.18 105.33±3.17 -0.94 0.2 
 

0.489±0.09 0.503±0.03 2.99 0.5 

 
 

NA NA NA NA 

 
NA NA NA NA 

 

41.6 43.9 5.52 0.6 

(kg/plot) 1293.6±74.26 1063.8±87.98 -17.759 0.003 746±34.31 640.66±77.77 -14.12 0.11 678.66±28.38 477.33±38.37 29.666 0.008 994±40.85 960±43.65 -3.42 0.8 
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3.4.2. Heading, flowering time and height are significantly different in the single 

aa mutants without yield gains. 

 

We hypothesize that the statistically significant differences in heading and flowering time on the single aa mutants 

in both cultivars and across all environments (apart from Kingbird in heat stress) will result in increases in TGW and 

yield (Table 3.2 and Table 3.3; (Arjona et al., 2020). Although the grain filling period is extended by ~ 8 to 10 days 

in the mutants, that does not translate into yield gains. The WT plants flowers on an average of  8-15 days later (except 

for heat stress), but both genotypes reach maturity around the same days. Lastly, we found that the NILs carrying the 

single allele were significantly shorter than the WT mainly in irrigation and Heat Stress (Table 3.4 and Table 3.5). 

In contrast, in cv. Paragon which carries WT RHT1 alleles, we found no significant differences in height across years 

and mutations. This raises the question as to whether the gw2 mutants and the semi-dwarf RHT-B1b allele (present 

in Kingbird and Reedling) have a significant genetic interaction which causes a significant reduction on height when 

combined. We are going to explore this idea in Chapter 4. 

 

 
3.4.3. Thousand grain weight, grain morphometrics and yield increases in 

Kingbird gw2 triple mutants but not in Reedling across all environments 

In the next section, we are going to analyse the gw2 triple mutants lines from both Kingbird and Reedling NILs. 

Each environment irrigation, heat stress and drought were analysed separately as the effect of the triple mutants was 

found to be significant in most of the evaluated parameters. 

 

Irrigated trials 

To understand the effect of the gw2 triple mutants on TGW across both cultivars, firstly, we conducted irrigated trials 

as our control environment. Using a three-way ANOVA, we found that the interaction between Mutation and 

Genotype was significant (P< 0.0001) for the response variables TGW, grain width and yield (Figure 3.5). We found 

that TGW increased by 9.8% (P < 0.001, 34.2 vs 31.1), width by 7.49% (P < 0.0001, 3 mm vs 3.35 mm) and final 

yield by 37.94% (P < 0.0001; 444 kg/plot vs 322 kg/plot) in Kingbird triple mutants under irrigation plots (Figure 

3.5 and Table 3.4). On the other hand, TGW and grain morphometrics were found to be non-significant in Reedling 

triple mutants when compared to the controls. These results were unexpected, based on what we found in Paragon 

triple mutants – where we saw significant increases in grain size with minor negative effects on yield (Chapter 2). 

We found a significant yield decrease of 15.3% (P < 0.01; 786 kg/plot vs 666 kg/plot) in Reedling gw2 triple mutants 

but, neither TGW nor grain width/length increased. These contrasting results indicate that the effect of the gw2 

mutant alleles is perhaps dependent of the genetic background, or that it could be affected by environmental 

conditions. To further assess this, we examined the other tested environments (heat stress and drought) to see if our 

results are consistent with what we found in this section. 
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Figure 3-5: TGW, length, width and yield in Kingbird and Reedling in irrigation, the box represents the middle 50% 

of data with the borders of the box representing the 25th and 75th percentile. Statistical classifications are based on 

Tukey’s HSD tests. ns: P>0.05; *P<0.05; ***P<0.001; **** P<0.0001. 
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Heat Stress trials 

Consistent with what we found in irrigation; Kingbird responded differently to Reedling. In Kingbird, TGW 

increased significantly by 11% (P < 0.006), grain length by 2.3% (P < 0.023) and grain width by 8.2% (P < 0.04), 

which translated into increases in yield of 24.3% (P < 0.006) in the gw2 triple mutants (Figure 3.6, Table 3.4). In 

Reedling, consistent with what we found under irrigation (Figure 3.5) and in the single aa mutants under heat stress 

(Figure 3.4), TGW and length did not increase, while width increased significantly (P <0.021) by 4.8% and yield 

decreased significantly (P <0.003) by 17.2%. The primary effect of GW2 is on grain width, which was significantly 

increased in Reedling. However, the magnitude of the effect was subtle (4.8 %) when compared to the increases in 

Paragon (20%,Wang et al. (2018)) and Kingbird (8.2%). This could explain the non-significant effects on TGW, 

and grain length observed under heat stress and the irrigation trials. 

 

 

 
Figure 3-6: TGW, length, width and yield in Kingbird and Reedling in heat stress plots, the box represents the middle 

50% of data with the borders of the box representing the 25th and 75th percentile. Statistical classifications are based 

on Tukey’s HSD tests. ns: P>0.05; *P<0.05; **P<0.01. 
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Drought trials 

We will only analyse Reedling data in this section due to herbicide damage to the Kingbird trials. In drought trials, 

we found once more that the gw2 allele had no effect on TGW or length, but increased grain width significantly by 

4.4% (P < 0.004) in a Reedling background. As seen earlier, the positive effect of width did not translate into yield 

gains in drought trials in cv Reedling. Next, we investigated spike yield components hoping to understand why the 

introgressions of the gw2 mutant alleles are not beneficial in Reedling. 

 

 

 

Figure 3-7: TGW, length, width and yield in Reedling in drought field trials, the box represents the middle 50% of 

data with the borders of the box representing the 25th and 75th percentile. Statistical classifications are based on 

Tukey’s HSD tests. ns: P>0.05; **** P<0.0001. 



64  

 

Table 3-4: Mean of phenology, thousand grain weight (TGW), grain morphometrics and yield of Kingbird NILs in Irrigation and Heat Stress. Means are from biological replicates per year (N 

varies per year), Delta values (%) vs WT. 

   Kingbird 2022   

Irrigation (damaged by herbicide)  Heat Stress 

 
Trait 

 
WT 

 
triple mutants 

Delta 

(%) 

Tukey P values (vs 

WT) 
 

WT 
 

triple mutants 

Delta 

(%) 
 

Tukey P values (vs WT) 

Yield 321.875±0.44 444±0.49 37.94 <0.001 163.83±0.8 203.56±0.71 24.25 0.009 

Seed length 6.195±0.04 6.345±0.07 2.42 0.035 5.92±0.02 6.06±0.05 2.36 0.023 

Seed width 3.075±0.01 3.35±0.03 7.49 <0.001 2.75±0.03 2.98±0.04 8.17 0.04 

TGW 31.175±0.44 34.22±0.49 9.79 <0.001 25.27±0.68 28.11±0.71 11.22 0.006 

HI 0.275±0.01 0.368±0.0 33.33 <0.001 0.434±0.00 0.435±0.00 0 0.928 

Biomass 1210.55±77.25 1210.37±32.53 -0.01 0.99 375.33±20.66 465.12±2.46 23.92 0.002 

Grain 

Number/m2 
 

10305.12±439 
 

12548.55±526 
 

21.77 
 

0.006 
 

6476.54±383 
 

7211.02±329.8 
 

11.34 
 

0.099 

Tiller Number 321.62±26.73 297.12±14.30 -7.62 
 

0.29 213.33±9.6 234.63±6.8 9.98 0.16 

Grain Per Spike 33.25±2.34 42.55±1.38 27.82 <0.001 30.36±1.2 30.71±0.9 1.15 0.87 

Grain Weight 

Spike 
 

1.03±0.06 
 

1.535±0.06 
 

48.19 
 

<0.001 
 

0.76±0.04 
 

0.86±0.04 
 

13.82 
 

0.24 

Days To Heading 74.5±0.32 70.875±0.22 -4.87 <0.001 52.625±0.77 50.375±0.53 -4.28 0.01 

Days To Anthesis 79.5±0.32 75.875±0.22 -4.56 <0.001 55.625± 53.375± -4.04 0.01 

Days To Maturity NA NA NA NA 78.5±0.94 75.87±0.39 -3.35 0.01 

Height 103±1.25 91.125±1.25 -11.52 <0.001 65.25±1.10 58.6±1.10 -10.19 0.008 

Spikelet number 21.52±0.32 20.95±0.29 -2.64 0.15 17.08±0.33 17.6±0.24 -2.95 0.22 

Viable Spikelets 20.06±0.24 19.18±0.24 -4.38 0.02 16.06±0.32 16.02±0.24 -0.25 0.93 
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Table 3-5: Mean of phenology, thousand grain weight (TGW), grain morphometrics and yield of Reedling NILs in Irrigation, Heat Stress and Drought. Means are from biological replicates 

per year (N varies per year), Delta values (%) vs WT. 

 

 

 
 

Reedling 2022 

Irrigation (damage by herbicide) Heat Stress Drought 

 
Trait 

 
WT 

triple 

mutants 

Delta 

(%) 

Tukey P values 

(vs WT) 
 

WT 
 

triple mutants 

Delta 

(%) 

Tukey P 

values (vs WT) 
 

WT 

triple 

mutants 

Delta 

(%) 

Tukey P 

values (vs WT) 

Yield 786±0.69 666±0.43 -15.27 1.05E-05 325.1±1.28 269.24±0.38 -17.18 0.003 214±0.21 197.4±0.62 -7.76 0.639 

Seed length 6.72±0.02 6.65±0.02 -1.04 0.3879 6.56±0.05 6.43±0.02 -1.98 0.054 6.63±0.02 6.55±0.03 -1.21 0.215 

Seed width 3.40±0.01 3.45±0.01 1.34 0.2588 3.03±0.04 3.173±0.016 4.72 0.021 3.18±0.00 3.318±0.01 4.34 0 

TGW 46.05±0.69 45.70±0.43 -0.76 0.5751 36.625±1.28 37.23±0.38 1.65 0.592 40.5±0.21 40.76±0.62 0.64 0.804 

HI 0.46±0.00 0.43±0.00 -5.53 0.1328 0.457±0.00 0.439±0.00 -3.94 0.186 0.306±0.02 0.290±0.01 -5.03 0.564 

Biomass 1687.25±56.03 1415.6±71.09 -16.1 0.0082 709.77±10.83 612.52±11.11 -13.7 0.003 691.25±59.10 672.2±42.7 -2.76 0.812 

Grain Number/m2 17048.5±548 13589.4±631 -20.29 0.0007 8889.95±227.05 7245.34±199.04 -18.5 0.003 5283.5±791 4863.9±245 -7.94 0.631 

Tiller Number 306.5±16.02 271.5±14.54 -11.42 0.213 273.26±13.92 257.89±11.45 -5.62 0.389 273.25±31.75 245.2±17.54 -10.27 0.44 

Grain Per Spike 56±2.91 50.3±0.81 -10.18 0.0429 32.88±2.38 28.73±1.74 -12.62 0.123 19.5±2.72 20.2±1.89 3.59 0.845 

Grain Weight Spike 2.57±0.13 2.29±0.03 -11.07 0.0115 1.204±0.09 1.06±0.06 -11.26 0.175 0.8±0.10 0.83±0.07 3.75 0.838 

Days To Heading 66.75±0.75 64.5±0.26 -3.37 0.0004 47±0.86 47.6±0.68 1.28 0.578 70.25±0.47 68.6±0.26 -2.35 0.009 

Days To Anthesis 71.75±0.75 69.5±0.26 -3.14 0.0004 50±0.86 50.6±0.68 1.2 0.578 73.25±0.47 71.6±0.26 -2.25 0.009 

Days To Maturity NA NA NA NA 75.5±0.64 79.5±0.60 5.2 0.002 101.5±0.63 101.5±0.40 0 1 

Height 103.5±0.5 88.2±0.69 -14.78 5.95E-10 59.9±3.24 56.65±1.31 -5.43 0.246 61.25±1.31 57±0.86 -6.94 0.022 

Spikelet number 21.08±0.27 20.39±0.18 -3.24 0.146 17.66±0.45 17.38±0.36 -1.6 0.571 16.75±0.53 17.56±0.33 4.88 0.235 

Viable Spikelets 19.79±0.51 18.75±0.16 -5.26 0.019 16.58±0.47 15.55±0.34 -6.23 0.079 14.45±0.58 15.16±0.33 4.9 0.299 
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3.4.4. Dissecting spike yield components and HI by environment to understand the 

conflicting results between Kingbird and Reedling NILs. 

 
In order to understand the positive effect of the gw2 allele on TGW, grain morphometrics and yield in cv Kingbird 

and the trade-off in cv Reedling, we dissected spikes into yield components. Under irrigation, we found that HI 

despite the herbicide damage increased significantly (P <0.0001, 0.275 vs 0.368) in Kingbird triple mutants (Table 

3.4 and Figure 3.8). HI increased in the single mutants in season 2019 consistently with 2022 (Table 3.2). We found 

that grain number per spike increased significantly in the triple mutants by 27.8% (P <0.1, 42 vs 33) but not spikelet 

number (ns); moreover, viable spikelets decreased by 4.3% (P > 0.05, 20.95 vs 21.52) when compared to the WT. 

We then divided seeds per spike by viable spikelet number to find out that the triple mutant had a seed set of 2.1 

seeds per spikelet while the WT 1.6 seeds per spikelet, which might explain the increases in HI and yield 

(Table 3.4, Figure 3.8). The opposite effect was found in Reedling, were the HI decreased significantly in the triple 

mutants (P <0.01, 0.437 vs 0.460; Table 3.5 and Figure 3.8). This HI result was not consistent with what we found 

in the single mutants during season 2019 where HI increased in each of the tested environments (Table 3.3). 

However, it did correlate with all the spike yield components (grain number per spike, spikelet number, viable 

spikelet), which all decreased albeit not always significantly in the triple mutants when compared to the WT (Figure 

3.8, Table 3.5). 

 

 

Figure 3-8: Spike yield components, HI and height in Kingbird and Reedling on irrigation plots. The box represents the 

middle 50% of data with the borders of the box representing the 25th and 75th percentile. Statistical classifications are based 

on Tukey’s HSD tests. ns: P > 0.05; * P<0.05; **P<0.01; ***P<0.001. 
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To our surprise we found that in both genotypes, the gw2 mutant effects on HI and spike yield components were 

non-significant in heat stress when compared to their respective WT(Figure 3.9), which might indicate that increases 

in yield and TGW in Kingbird can be explained by increases in tiller number by 10% (234/m2 vs 213/m2 ) and grain 

number per area by 11.4% (7211 vs 6476; Table 3). In Reedling, we observed the opposite effect: fewer tillers and 

grains per area, that can be correlated with yield loses (Table 3.5). Once more, we see contrasting effects on Kingbird 

and Reedling NILs and the way the gw2 alleles contributed to each of the tested parameters. 

 

 

 

Figure 3-9: Spike yield components, HI and height in Kingbird and Reedling on heat stress plots. The box represents 

the middle 50% of data with the borders of the box representing the 25th and 75th percentile. Statistical classifications 

are based on Tukey’s HSD tests. ns: P > 0.05. 
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In drought, consistently with what we found in Heat Stress, HI and spike yield components were found to be non- 

significant in Reedling (Figure 3.10; data from Kingbird not available). As all the spike yield components were found 

to be non-significantly affected across all environments, we then analysed tiller number and grain per m2 as a possible 

explanation for yield loses in Reedling. 

 

 

Figure 3-10: Spike yield components, HI and height in Reedling on drought plots. The box represents the middle 50% of data 

with the borders of the box representing the 25th and 75th percentile. Statistical classifications are based on Tukey’s HSD 

tests. ns: P > 0.05. 
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3.4.5. Grains per m2 and tiller number decreased consistently across environments 

in Reedling but not in Kingbird under Heat Stress. 

 
 

In chapter 2, we identified decreases (not significant both consistent across environments and genotypes) in tiller number and 

significant decreases in grain per m2 in the WT and in the gw2 triple mutants in cv  Reedling across all environments 

(Table 3.5), which is consistent with what we found in Paragon triple mutants  (chapter 2). In Reedling, albeit not 

significantly, tiller number decreased consistently, while grain number per m2 decreased significantly and 

consistently under Irrigation and Heat Stress (Table 3.5). Under irrigation, tiller number decreased by 11.42% (P > 

0.213, 271 vs 306) and grain number by 20.3% (P < 0.0007, 13,589 vs 17,048), while under Heat Stress tiller 

number decreased by 5.62% (P > 0.389, 257 vs 273) and grain number by 18.5% (P < 0.003, 8889 vs 7245). Lastly, 

under drought, we found that tiller number dropped by 10% (P > 0.5, 245 vs 273) and grain number by 8% (P > 0.6, 

4863 vs 5283). Despite being the lowest yielding environment, yield losses remained non- significant when 

compared to the WT. On the other hand, in Kingbird gw2 triple mutants in irrigated plots, tiller  number decreased 

by 7.62% (P > 0.299,  297 vs 321 tiller/m2) but not under heat stress, where tiller number increased by 9.98% (P > 

0.163, 234 vs 213 tiller/m2) and grain number per m2 by 11.35% (P < 0.09, 7211 vs 6476). Surprisingly, 

these increases also translate into yield, TGW and grain morphometrics gains (Figure 3.6). Although the findings are 

very promising, we need to conduct at least one more year of field experiments to be confident about           these results. 

3.4.6. Raising temperatures can cause severe yield losses. 

We plotted maximum and minimum temperatures across the wheat growing season under Irrigation and Heat Stress 

combined with the key growing stages of development (heading, anthesis and maturity) in both genotypes. We found 

that between anthesis and maturity, which is known to be a critical period for grain filling and starch deposition 

Altenbach (2012), average temperatures were higher by 4.4 °C in the heat stress environment (late sowing) with 

respect to the irrigation plots (see material and methods). Similarly, under heat stress, the maximum daily temperature 

from anthesis to maturity exceeded 30 °C in 22 out of 24 days, with an average of 34 °C, above the temperature 

threshold identified by Altenbach (2012) for proper grain filling. The heat stress environment caused an average 

yield loss of 50% in both genotypes when compared to their irrigation pairs despite the herbicide damage. We found 

that on average, increases of temperature by 1°C can cause up to 11% yield losses (35 kg/plot per degree in Kingbird) 

when compared to irrigation. We also calculated the cumulative degree days (thermal time in °Cd), that is another 

way of quantifying the amount of temperature needed for the plant to shift to the next developmental stage. Every 

phase of development requires a minimum accumulation of temperature (optimal temperature) before that stage can 

be complete and the plant can move to the next one. Speeding the life cycle of the crop due to heat stress will result 

in yield loses. The critical grain filling phase, from anthesis to maturity, was reduced by 30%, while final yield 

decreased by 41% (Figure 3.11). These results revealed the urgency to breed for climate resilience cultivars capable 

of overcoming increases in temperatures for yield stability. 
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Figure 3-11: A) Average temperatures (max and min) during the crop life cycle at Irrigation and Heat Stress, key 

stages of development on the right. Temperature depicts the average °C at which the crop was growing between 

sowing and heading, heading-anthesis and anthesis-maturity. Yield data is coming from the WT during the growing 

season 2022. B) Cumulative degree days in Irrigation and Heat Stress, * represents the critical grain filling period 

while the blue triangle represents total yield. 

 
 

3.4.7. Double checking DNA and KASP markers in Reedling triple mutants 

 

We sought to identify potential explanations for the lack of effect of the triple gw2 mutations on TGW in Reedling. 

Given the unexpected nature of these results, each plot (86) was re-genotyped to rule out possible errors in the 

experimental process. We confirmed that there was no mix up in seeds and that all 86 genotypes were correct, 

disproving the idea that a technical/mislabeling error had occurred along the way. 

 
In the discussion section of Chapter 2, we examine the possible trade-offs in yield, TGW and spike yield components 

when novel alleles are introgressed into different wheat cultivars. In both the Kingbird and Reedling NILs, the gw2- 

A1 mutant allele was coming from durum wheat cv Kronos. Based on the 17 haplotype-informed SNP markers from 

Brinton et al (2020) we could classify Kingbird as Haplotype 7 (H7) whereas Reedling (aka Borlaug) carries 

haplotype H5. Kronos on the other hand was classified as a durum-specific haplotype H8. Hence the introduction of 
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the gw2-A1 mutation, along with chromosome 6A of Kronos, removes the original Kingbird (H7) or Reedling (H5) 

haplotypes and substitutes it for haplotype H8 (Figure 3.13). Interestingly, analysis of Reedling/Borlaug haplotype 

H5 shows that the region between 240 and 470 Mbp (which is tightly linked to GW2-A1 at 237 Mbp) likely 

originated from a wild wheat relative as comparisons to Cadenza (haplotype H2) and Chinese Spring (haplotype 

H1) show a large degree of variation between Reedling/Borlaug and the two other hexaploid accessions (Figure 

3.12a and 3.12b). This same analysis shows that Reedling/Borlaug is identical by state to Weebill-1 as predicted by 

the SNP markers (Figure 3.12c; blue dots represent variations within 50 kbp windows). Hence the introduction of 

the gw2-A1 mutation (within durum Haplotype H8) into Reedling chromosome 6A, most likely removed the wild 

wheat haplotype H5 present in Reedling. The same introduction of gw2-A1 into Kingbird, exchanged a hexaploid 

wheat haplotype (H7) for a durum haplotype (H8) and perhaps was less detrimental to overall plant performance 

and allowed the effect of the gw2-A1 allele to be more evident in the presence of the mutant gw2 homoeologs. 

 

 
 

Figure 3-12: Scatter plots showing in the X axis, the whole 6A chromosome in mega base pairs (Mbp) a comparison between a) 

Reedling vs Cadenza, b) Reedling vs Chinese Spring and c) Reedling vs Weebill-1 that are identical by state. The Y axis is in 

(Log scale) each blue dot represents the number of variations (equivalent to SNPs) in 50,000 bp. The higher the dot is in the Y 

axis, the higher the number of variations between cultivars. The 230 Mbp alien introgression is highlighted in purple 

representing high variability in that specific region of cv Borlaug. 
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Figure 3-13: a) Physical position of productivity-related QTL (rectangles) and GWAS hits (triangles) mapped to the 

highly conserved region on chromosome 6A. b) Diagrammatic representation of all haplotype blocks on chromosome 

6A in the 15 sequenced cultivars (based on 5-Mbp bin haplotypes; scaled to the longest chromosome 6A). Regions 

with the same colour at the same position share common haplotypes (except for white regions which are not 

contained within haplotype blocks). Vertical grey line indicates the position of TaGW2-A (237 Mbp). Labels H1–H7 

indicate haplotype groups based on the minimum haplotype block (beige bar; 187–445 Mbp) taken from (Brinton et 

al., 2020). 
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3.5. Discussion 

In this chapter, we analysed the effect of the gw2 alleles in two spring wheat cultivars Reedling and Kingbird 

grown in four environments in 2019 (single gw2-A1 mutants) and three environments in 2022 (triple gw2 

mutants). We identified contrasting yield and grain size phenotypes across environments and genotypes. 

3.5.1. TGW, grain morphometrics and yield increases in Kingbird gw2 triple 

mutants in heat stress trials 

We found that in the Kingbird gw2 triple mutants, yield, TGW and grain morphometrics increased in both irrigation 

and heat stress in 2022, whereas we saw no significant effect in the Reedling NILs. These results tell us that increases 

in yield can be achieved by introgressing the gw2 alleles but that the outcome will be strongly related to the genetic 

background. In the case of the triple mutants tested under heat stress, we found that yield increases by 24% when 

compared to its isogenic pair. These results are consistent with previous studies exploring the effect of heat on yield 

components. Studies conducted in growth chamber to simulate heat stress Vijayalakshmi et al. (2010) mapped two 

QTLs in chromosomes 6A and 6B in recombinant inbred lines (RIL) from a cross between Ventnor (heat-tolerant 

cultivar) and Karl 92. The study found that delaying senescence confers increased tolerance to heat stress when 

temperatures were artificially set to 30/25 °C (day/night) after flowering. The authors, however, did not report final 

yield or TGW. Mohammadi et al. (2008) mapped heat tolerance traits into chromosomes 1B, 5B, and 7B in a RIL 

population coming from a cross between Kauz (Heat tolerant coming from CIMMYT) and MTRWA166 (heat 

sensitive). In their study, plants were moved to a chamber that was set to 35/30 °C (day/night) at seven days after 

anthesis (DAA) for three days. They found that this short period of time was sufficient to reduce TGW by 38%. 

Mason et al. (2010) identified five QTL regions on chromosomes 1A, 2A, 2B and 3B in RILs coming from Halberd 

(heat tolerant) and Cutter. Only three days of heat stress at 38/18°C (day/night) 10 days after anthesis caused a 28% 

reduction in grain yield per spike on susceptible RIL lines. Esten Mason et al. (2011) found that three QTLs located 

on chromosomes 1B, 5A and 6D can be potentially beneficial when selecting for multiple heat tolerance alleles in 

RIL lines coming from Halberd (heat tolerant), Cutter and Karl92. Recently, Schmidt et al. (2020) developed NILs 

targeting a QTL on chromosome 6B associated with both drought and heat stress tolerance from a population 

screening of 73 exotic Australian donors and two modern cv. Gladius and cv. Scout. Plants were artificially heated 

in glasshouse experiments three DAA at 35/25 °C. The NILs carrying the exotic haplotypes increased grain weight 

in the primary tiller and the whole plant significantly by (P ≤ 0.011). Finally, Lu et al. (2020) developed NILs for a 

major 7A QTL related to heat tolerance from two populations Cascades × Tevere and Cascades × W156, with the 

latter overperforming in yield and chlorophyll content after heat stress. All the studies mentioned above provide 

evidence that there is genetic variability in wheat to overcome heat stress related yield losses. Nevertheless, there are 

few studies using NILs under field conditions, highlighting the importance of this study as yield components 

originating from controlled environment experiments can vary greatly when compared to the field (Poorter et al., 

2016). To make sure our results are consistent across years, we are going to repeat the field experiments in the 2023 

growing season in Obregon. 
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3.5.2. The gw2 allele does not universally increase TGW and yield in wheat 

In the results section, we observed that Reedling (a cultivar with relatively big grains) has a chromosome 6A 

haplotype that was disrupted by the introgression of gw2-A1 coming from Kronos, leading to a decrease in grain size 

and yield. Previously, Bednarek et al. (2012) reported that in RNAi transgenic lines in hexaploid cultivar Récital, 

down-regulating all three GW2 homoeologs led to a significant reduction in grain size and endosperm cell number 

when compared to the controls. They concluded that GW2 is a positive regulator of grain size-related traits, contrary 

to several other studies in rice and wheat. The RNAi constructs were designed targeting the full length of the GW2 

sequence which might have generated off-target effects leading to silencing of other related genes and potentially 

smaller grain size. Furthermore, this study was conducted in 2012 when neither a fully annotated wheat genome 

(2018) nor the pangenome wheat sequence (2020) were available. Similarly, we found that in the triple gw2 mutant 

Reedling lines, gw2 did not affect grain size and TGW, but led to significant yield losses across all environments. A 

possible explanation for this could be that the downregulation or knockout of GW2 homoeologs does not affect 

TGW in certain genetic backgrounds. We can conclude that, although different methods were deployed to create the 

triple gw2 mutants (Reedling by cross breeding and Recital by RNAi), both resulted either in no effect or in 

significant grain size reductions. In the case of Reedling, chromosome 6 haplotypes were disrupted by the 

introduction of the EMS mutations, but in the case of Récital, the RNAi would not have affected the wider genomic 

haplotypes. Hence, these results suggest that there may be genetic background effects outside the chromosome 6A 

region which mask or compensate the gw2 effect on grain size. 

 

3.5.3. Reedling carries a wild wheat segment in the 6A region where the GW2 gene 

is located 

We wanted to understand the detrimental effect of the introgression of the gw2 allele in Reedling. Reedling haplotype 

H5 carries a 230 Mbp segment originating from a wild wheat hybridisation. It is tempting to speculate that this 

haplotype H5 of Reedling confers bigger grain size and is disrupted by the introgression of the gw2-A1 mutation 

originating from Kronos (haplotype H8) (Figure 3.12 and Figure 3.13). Hence the beneficial effect of the gw2-A1 

mutation would be cancelled out by the replacement of the original positive effect haplotype H5. This suggests that 

the introduction of the gw2-A1 mutation in a Kronos background (haplotype H8) might have different effects if 

introduced into different haplotypes given that we see beneficial effects on TGW in Paragon (haplotype H2) and 

Kingbird (haplotype H7), but not in Reedling/Borlaug (haplotype H5). In chapter 2 and the paragraphs above, we 

talked about the results obtained by Bednarek et al. (2012). They found that RNAi transgenic lines suppressing the 

three GW2 copies resulted in a significant reduction in grain weight and size in cv Recital. Using the 17 SNP markers 

from Brinton et al (2020) we recently found that Recital carries haplotype H3, the same as Arina (Figure 3.13). Hence 

it might be that the gw2-A1 mutation will yield a positive effect on TGW when it replaces certain haplotypes (H2 of 

Paragon, H7 of Kingbird), but not others (H3 of Recital, H5 of Reedling). We hypothesize that I) the haplotype 

linkage effect can be overcome with new genome editing technologies (see general discussion, section 5.1.7, for a 

broader discussion on this topic) and II) that introgression of the gw2-A1 mutation from Kronos might be beneficial 
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only when introduced into specific chromosome 6A haplotypes. Hence a haplotype based approach could be 

useful when introgressing novel alleles into different genetic backgrounds. 

 

 

 

 
 

3.5.4. Drought severely reduces yield, followed by heat Stress across years and 

cultivars 

In this chapter, we compared three contrasting environments: irrigation and (drip irrigation), drought and heat stress, 

in two different wheat cultivars Kingbird and Reedling, and two different allelic combinations (either the single 

mutants or the triple gw2 mutants) across different field seasons. We did so to (I) mimic the future changes in 

temperature and rain patterns, and (II) assess the effect of the gw2 mutant alleles in different environments and 

cultivars. Our results show that irrespective of the GW2 allelic status, mean yield was reduced by 79% in drought 

followed by a 21% reduction under HS in Kingbird when compared to irrigation. In Reedling, mean yield was 

reduced by 52% under drought and by 23% under HS when compared to irrigation (means from 2019). The same 

traits were observed in 2022, although data from Kingbird is missing. In a similar study, Sukumaran et al. (2018) 

found that the heat stress environment reduces yield by 72% and by 60% under drought, with HS more damaging 

that drought by 30%. We observed the opposite trend; with drought reducing yield by 24% in Kingbird and 31% in 

Reedling when compared to HS. However, Sukumaran et al. (2018) evaluated a durum wheat panel adapted to 

Mediterranean climates, while we used spring wheat cultivars adapted to irrigated environments. Furthermore, they 

found that in the heat stress treatment, a 1°C increase in temperature, will cause yield to drop by 11% (0.6 t/ha per 

degree) in durum wheat. We found that 1°C raise in temperature will cause a 11% decrease in yield in bread wheat. 

Finally, we observed how drip irrigation can increase yield by 63% in Kingbird (566 kg/plot vs 209 kg/plot) and by 

10% in Reedling (746 kg/plot vs 678 kg/plot) when compared with drought WT (Table 3.2 and Table 3.3) proving 

that delivering water directly to the base of the plant and minimizing evaporation can significantly increase yield 

(both environments were irrigated twice). This result is valuable as drought is a recurring feature in different parts of 

the world where wheat is grown. Up to 45% of the earth surface sown with wheat has low to moderate rainfall while 

the high rainfall and irrigated regions are predicted to have sub-optimal rainfall in the upcoming years (Fischer et al., 

2014). 
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4. Are gibberellins involved in the increases of grain weight and 

size in the Paragon gw2 triple mutant NILs? 

4.1. Chapter summary 

 

We performed glasshouse (GH) experiments to determine the effect of bioactive gibberellins (GA3) and 

paclobutrazol (PAC) applications on final seed weight, length, and width in the Paragon gw2 triple mutants and 

Paragon WT NILs. In this experiment, we applied PAC (1 uM) at booting, GA3 (10 uM) at flowering, and a 

combined treatment applied PAC at booting and GA at flowering (PAC+GA). The experiment also included a no- 

treatment control. We found that PAC significantly decreased the final TGW of Paragon gw2 triple mutants in both 

years when compared with the controls. The GA3treatment increased grain morphometrics in the Paragon WT while 

no effects were found in the gw2 triple mutants. Furthermore, the combined PAC+GA treatment partially restored 

the TGW in the triple mutants. We hypothesize that GAs are involved in the gw2 mediated increase in grain size. 

We therefore analysed GAs concentration in carpels but found no differences between the genotypes. Moreover, we 

measured pericarp cell length and width, we found significant increases on pericarp cell in the gw2 triple mutant 

when compared to the control. Finally, we generated a set of NILs to assess the effect of the REDUCED HEIGHT1 

Rht-B1b semi-dwarf allele in combination with the gw2 triple mutants in a Paragon background and found that 

increases in grain weight and grain size are independent from the allelic status at RHT-B1. 

 

4.2. Introduction 

 

In the previous chapters, we discuss how the GW2 gene negatively regulates growth, grain size and thousand grain 

weight primarily by constraining cell division in different cereal species (Song et al., 2007). In rice OsGW2 RNAi 

lines, Verma et al. (2021) found that decreased expression levels of OsGW2 contributed to higher grain width by 

affecting cell division and cell expansion. The two paralogous copies of GW2 in maize have been associated with 

variation in both the width and weight of the kernels (Li et al., 2010). 

 
The knockdown of GW2 has been associated with expression changes in genes encoding starch biosynthesis. In 

wheat RNAi lines, the gene encoding the large subunit of AGPase (an enzyme which catalyses the conversion of 

glucose-1-phosphate and ATP to pyrophosphate and ADP-glucose Jeon et al. (2010), was strongly up-regulated. 

Consistent with an enhancement to AGPase activity, Sestili et al. (2019a) found that in GW2 RNAi durum lines, the 

starch content of the mutant lines were 10 - 40 % higher than that of the wild type grains. In addition, it was also 

reported that final grain width increased 4-13% when compared with the controls. 

 
Similarly, expression of gibberellin biosynthesis genes has been reported to be affected in lines with mutations in 

GW2. Gibberellins (GAs) are plant hormones that control fundamental processes of plant development including 
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seed germination, stem elongation, leaf expansion, flower and seed development by promoting growth by cell 

expansion and cell division (Hedden and Sponsel, 2015). GA biosynthesis is initiated in the plastids, proceeds 

through the endoplasmic reticulum and finishes in the cytoplasm. GA biosynthesis is modulated by the activity of a 

series of enzymes, which results in the conversion between different forms of GA, resulting in the bioactive forms 

GA1, GA4 and GA3. The biosynthesis of GA is regulated mainly by the enzymes GA20-oxidase (GA20ox) and GA3- 

oxidase (GA3ox), while its inactivation is controlled primarily by GA2-oxidase (GA2ox) (Figure 4.1) (Tuan et al., 

2018). The GA3ox enzymes catalyse the conversion of several precursors to bioactive forms of GA. Finally, the 

GA2ox enzymes convert bioactive and precursor GAs to inactive forms reducing bioactive GA levels (Figure 4.1). 

The rate of GA biosynthesis is controlled by feedback regulatory mechanisms among the genes encoding these 

biosynthetic enzymes (Zhang et al., 2018). There have been contrasting results on the effect of gw2 down-regulation 

on GA biosynthesis genes in wheat. Li et al. (2017) reported that GW2 negatively controls the synthesis of the GAs. 

They found that the expression of the gene which encodes for GA3ox is up-regulated in the gw2-A1 single mutant in 

the Chinese Spring genetic background. Furthermore, when GA3 was applied to the single mutants, the grain 

decreased in length when compared with the WT. However, interpretation of these results are difficult as there was 

no information on the concentrations that were used to conduct this experiment. In contrast, Sestili et al (2018) 

reported that GA3ox was not upregulated in the GW2 RNAi lines when compared to the WT controls. 

 
 

Figure 4-1: Principal reactions of the GA biosynthetic pathway in plants. 2ODDs class enzymes are in red and green 

whereas the bioactive GAs are at the bottom of the diagram in grey circles. Adapted from Katyayini et al. (2020). 

 

Once synthesized, bioactive GA4 promotes growth by targeting for degradation the nucleus localised DELLA 

proteins, well-known growth and developmental suppressors (Van De Velde et al., 2017). In WT plants (Rht-A1a, 

Rht-B1a and Rht-D1a alleles), DELLA proteins physically interact with transcription factors (TFs) involved in 

the regulation of GA responsive genes, thereby constraining growth Thomas (2017) (Figure 4.2). The first step to 

release the TFs starts when GA4 (bioactive forms) binds to GID1 in the cytoplasm forming a GID1-GA4complex that 

travels to the nucleus where it binds to DELLA. Here, the GID1–GA–DELLA complex enhances the interaction 

https://www.annualreviews.org/doi/full/10.1146/annurev.arplant.59.032607.092804?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub%3Dpubmed&dl1
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between DELLA and the E3 ubiquitin ligase SCF, resulting in DELLA being targeted    for degradation through 

the 26S proteasome pathway. Once DELLA is degraded, the TFs are released leading to expression of the GA- 

responsive genes. Additionally, the DELLA–PFD (prefoldin complex) interaction stops, allowing the PFD to 

migrate to the cytoplasm leading to microtubules polymerization inducing cell expansion (Figure 4.2) (Xu et al., 

2014). 

The GA mediated degradation of DELLA is the centerpiece of a discovery that led to substantial increases on wheat 

yields through the introgression of the semi-dwarfing GA-insensitive mutant alleles known as RHT-B1b and RHT- 

D1b. These mutant alleles had an altered response to GAs which causes an overall reduction of stem and organ 

elongation resulting in improved resistance to lodging, yield benefits through increases on grain number per square 

meter and by increasing the number of grains per spike Pearce et al. (2011), (Boeven et al., 2016). Nevertheless, 

RHT-B1b and RHT-D1b significantly decreased grain weight and size by up to 15% (Jobson et al., 2019). 

 
 

 
Figure 4-2: Schematic representation of the DELLA-mediated GA signalling de-repression regulatory model adapted 

from (Xu, Liu et al. 2014). 

 
 

In the semi-dwarf mutants, there is an altered response caused by mutations in the homoeologous DELLA 

genes RHT-B1 and RHT-D1 which have nucleotide substitutions that create premature stop codons. In the RHT-B1b 

allele, a T-C substitution converts the Q64 codon (CGA) to a translational stop codon. In the RHT-D1b allele, a T- 

G substitution affects the E61 codon (GGA) causing a premature stop codon (Figure 4.3) affecting the GID1-GA- 

mediated degradation of DELLA. (Peng et al., 1999, Thomas, 2017). The DELLA protein domain is needed for the 

binding of the GIDI-GA complex and recently it was discovered that the semi-dwarf alleles encode N-terminal 

truncated DELLA proteins with low protein abundance due to a reduction on efficiency of translation reinitiation. 

Thus, taken together, the lower protein abundance and the GA insensitivity of the protein can explain reductions on 

height and organ size in wheat (Van De Velde et al., 2021). 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/ubiquitin-conjugating-enzyme
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/proteasome
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Figure 4-3: Differences between wild-type Rht-B1a and Rht-D1a and mutant sequences Rht- B1b and Rht-D1b 

(deletions and substitutions) are highlighted in white, the position of translational stop codons is represented by an 

asterisk adapted from Peng et al. (1999). 

 
 

In the General Introduction we proposed a model of how the GW2 protein might interact with different proteins 

promoting or suppressing the expression of GAs genes resulting in growth constraints (grain size as an example). We 

hypothesize that once the GW2 protein is truncated and non-functional (e.g., in the gw2 mutants), GAs genes can 

be transcribed enhancing grain growth. Furthermore, we propose that DELLA proteins bind to inactivate key 

transcription factors of the TCPs class which are considered the “master” regulators of endoreduplication by 

interacting with different growth and elongation hormones pathways (like auxins and GA) Ferrero et al. (2019a) 

(Zhang and Lenhard, 2017). Due to the conflicting results reported by Li (2017) and Sestili (2018), we conducted 

an experiment using a GA biosynthesis inhibitor to understand physiologically how GAs are involved in final grain 

size and TGW in Paragon gw2 triple mutants. Paclobutrazol (PAC) is antagonistic to gibberellins and auxins, 

reducing cell elongation and cell division. The growth-retarding property of PAC is largely attributed to interference 

with the gibberellin precursor ent-Kaurenoic acid (Figure 4.1). PAC-induced growth inhibition can be reversed 

by exogenous application of            gibberellins which makes PAC a good compound for studying how the depletion of 

GAs can influence final tissue growth in plants (Desta and Amare, 2021). Additionally, we decided to use analytic 

chemistry to determine the relative concentration of GAs between the NILs. We hypothesize that the enzymes 

GA20-oxidase (GA20ox) and/or GA3-oxidase (GA3ox) will be more abundant in the triple mutants resulting in 

increases of the bioactive forms GA1         and/or GA4 when compared to the WT. By employing these two different 

methods, we hope to gain insights into the behavior and quantification of the GAs in the NILs that might explain the 

20% increases in weight and the 6% in width and length in Paragon gw2 triple mutant grains. Furthermore, we 

generated a set of NILs with contrasting  Rht-B1 alleles and GW2 allelic status to test if GW2 and DELLA proteins 

genetically interact to affect grain weight and size. 
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4.3. Material and methods 

4.3.1. Ovary/ grain developmental time course 

 

We performed an ovary time-course development experiment where final ovary length and width from Paragon WT 

and Paragon gw2 triple mutants were sampled from the middle spike at different time points starting from heading 

and until the embryo was 20 days old. Five spikes per genotype were sampled at six time-points: heading (−5 days 

post anthesis (dpa)), anthesis (0 dpa), 5, 10, 15, and 20 dpa. From these spikes, eight carpels/grains were sub-sampled 

from the two outer florets (floret positions F1 and F2, Figure 4.4) of the five spikelets located in the middle of the 

spike. The carpels/grains were then weighed (fresh weight) and analysed for grain morphometric using a MARVIN 

seed analyser. 

 

4.3.2. Ultra-high performance liquid chromatography tandem mass spectrometry 

(UHPLC-MS) 

 
 

We use Ultra-high performance liquid chromatography tandem mass spectrometry (UHPLC-MS) to determine the 

relative concentration of GAs between the NILs. We hypothesize that the concentration of the enzymes GA 20- 

oxidase (GA20ox) and/or GA3-oxidase (GA3ox) will be higher in the gw2 triple mutants resulting in increases of 

the bioactive forms GA1 and/or GA4 when compared to the WT. UHPLC-MS is a separation method in which 

particles  smaller than 2.5 µm travel through columns and can be separated by polarity with great resolution, while 

mass spectrometry (MS) measures the molar mass of a compound or a complex mixture (Guillarme and Veuthey, 

2017). This method is suitable for detecting compounds with very low biological concentrations or with very similar 

carbon skeletons like GAs that range from 10−9 to10−15 mol g−1 fresh weight depending on the tissue (Urbanová et al., 

2013). We collected wheat ovaries at heading time from Paragon WT and Paragon gw2 triple mutants to quantify 

GAs content. The ovaries were taken from the middle part of the spike from the two outer florets (position F1 and 

F2, Figure 4.4) coming from the main tiller. Overall ~12 ovaries per plant were collected per genotype in triplicate. 

Once collected with tweezers, ovary samples were immediately stored in Eppendorf tubes (2.5 ml) and frozen in 

liquid nitrogen. Afterwards, the samples were weighed using an analytical balance and freeze dried (Edwards 

Modulyo Freeze Dryer) with the caps open for 48 hours. After that, the tubes were weighed, and dry weights were 

recorded. Finally, we sent them to the Laboratory of Gibberellin Research at Olomouc University, Czech Republic 

for UHPLC-MS analysis. Full gibberellins analysis was performed following the method reported by (Urbanová et 

al., 2013). This protocol allows the detection of up to 20 GAs at the same time including the biologically active GAs 

as well as their precursors and metabolites. GA12 and GA24 were not detected and removed from the results. 
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Figure 4-4: Spikelet positions within the spike (left), the florets within spikelet from those closest to the rachis (F1) to 

those located at increasingly distal positions. Adapted from Adamski et al 2020. 

 
 

4.3.3. Gibberellin and Paclobutrazol glass house experiments 2020 and 2021 

In September of 2020, a total of 160 plants coming from Paragon WT (80 plants) and Paragon gw2 triple mutants 

(80 plants) were grown in a lit glasshouse under long day conditions (16-h light/8-h dark) in 1 L pots in “John Innes 

Cereal Mix” (65% peat, 25% loam Soil, 10% grit, 3 kg/m3 dolomitic limestone,1.3 kg/m3 PG mix and 3 

kg/m3 osmocote exact). Once potted, plants were randomly distributed across the glasshouse bench to avoid any 

block effect and randomly assigned to each of the following four treatments: 

1. PAC treatment: 10 ml of Paclobutrazol (SIGMA-ALDRICH CO LTD, cat.no. 43900-50MG) mixed 

with water at a concentration of 1 µM was applied via root uptake at booting stage for 14 days, every 

second day (18-20 plants per genotype). 

2. GA treatment: 10 ml of Gibberellic acid 90% (SIGMA-ALDRICH CO LTD, cat.no. G7645-1G) mixed 

with water and Tween 20 (THERMO FISCHER SCIENTIFIC cat.no. 85114; as a surfactant at 1% to a 

final concentration of 10 µM) were applied by spraying three spikes per plant at anthesis (visible yellow 

anthers) during five consecutive days (15 plants per genotype, ~45 spikes per genotype). Every spike was 

tagged individually at flowering. Afterwards, they were harvested individually to see the effect on the 

treatments in each individual spike. 

3. Combined PAC+GA treatment: Between 18-20 plants per genotype, were subjected to PAC treatment 

at booting as described above followed by GA treatment at anthesis as described above. 

4. Control treatment: 10 ml of water was supplied via root uptake at booting stage then, 10 ml were sprayed 

to spikes at anthesis. 

In March 2021, a total of 100 plants from the Paragon WT (50 plants) and Paragon gw2 triple mutants NILs (50 

plants) were grown in the glasshouse under natural long day conditions in 1 L pots in “John Innes Cereal Mix”. Once 

potted, plants were randomly distributed across the glasshouse bench plants were subjected to the following three 

treatments: 

1. PAC treatments: 10 ml of PAC at 0.5 uM and 1 uM were applied at booting stage (Zadoks 45) for 14 days 

via root uptake. 
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2. GA treatments: 20 plants per genotype were treated with GA3 (5 uM, 10 uM) at heading (Zadoks 59) or 

anthesis (Zadoks 61) by spraying 10 ml at three main tillers for five consecutive days. 

3. Control treatment: 10 plants per genotype were used as a control group and were treated with water. 

Once the plants reached maturity, treated spikes, internodes and peduncle were measured. Afterwards, spikes were 

harvested individually andleft at 35 °C for 48 hours to reduced moisture. Once dried, spikes were threshed, and grain 

weight and size were obtained with a MARVIN seed analyser (GTA Sensorik GmbH, Germany). 

 

4.3.4. Pericarp cell size measurements with scanning electron microscope 

One representative GW2 WT and gw2 triple mutant BC4 NIL was used for pericarp cell size measurements. For 

each NIL, nine grains of average grain length were selected from the whole 2019 field sample from two different 

blocks; we call this group the normal distribution group (the WT is smaller than the triple mutants). For the GW2 

WT NIL, an additional nine grains were selected that had grain lengths equivalent to the average of the gw2 triple 

mutants NIL sample (GW2 WT with larger grains). For the gw2 triple mutants NIL, nine grains were selected that 

had grain lengths equivalent to the average of the GW2 WT NIL sample; we call them overlap group (gw2 triple 

mutants with smaller grains). Three grains were stuck to a 12.5 mm diameter aluminum specimen stubs using 12 

mm adhesive carbon tabs (both Agar Scientific), sputter-coated with gold using an Agar high resolution sputter 

coater and imaged using a Zeiss Supra 55 scanning electron microscope (SEM). The pericarp of each grain was 

imaged in the top and bottom using the embryo as a reference, two images per grain were taken in each half. All 

images were taken at a magnification of 500x. Cell length and width were measured manually using OMERO 

(University of Dundee & Open Microscopy Environment.) (Figure 4.5). Cell number was estimated for each grain 

using average grain length /cell length*1000. For the statistical analyses, the average cell length of each individual 

grain was used. 

 

Figure 4-5: A) Top left: Wheat grain divided in bottom and top for microscopy purpose using the embryo as 

reference B) SEM image from pericarp cell length, the yellow arrow represents how length and width were manually 

measured. 
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4.3.5. Plant material: Generating NILs with the Rht-B1b x gw2 alleles 

 

 
We wanted to understand if gw2 genetically interacts with the Rht-B1b allele affecting not only plant height but also 

grain weight and morphometrics. In order to do so, we generate a set of NILs by crossing 'tall’ Paragon gw2 triple 

mutants (BC2F3 Paragon) plants to the semi-dwarf  Rht-B1b Paragon NILs (BC2F3) (carrying the wildtype GW2 

alleles) developed by the Wheat Genetic Improvement Network (WGIN 2 - home). First, seeds were given a cold 

stratification inside Petri dishes with moist filter paper and left for 48 hours at 4 °C. Afterwards, the Petri dishes were 

left on the bench at room temperature for one day or until coleoptile emergence and transplanted to a 96 well tray 

filled with John Innes Cereal Mix. After 20 days, the growing plants were potted in standard 1L pots, again with 

John Innes Cereal Mix. Before flowering (when the spike was fully emerged and the peduncle just visible) selected 

main spikes were emasculated and covered with cellophane bags to avoid pollen cross-contamination. During 

flowering (anthers with yellow pollen visible, Zadoks 65) individual anthers were taken and carefully placed on the 

stigma of the recipient spike (previously emasculated). The crossed plants were covered again with cellophane bags 

following the protocol available at (http://www.wheat-training.com). Once the plants reached maturity, the grains 

were harvested. Figure 4.6 shows a crossing scheme of the generated NILs. 

 

Figure 4-6: Crossing scheme for Rht-B1b NILs in blue and triple mutant gw2 (aa, bb,dd) in orange. The wild type 

alleles (Rht-B1a, GW2 AA, BB,DD) are represented in black. F1 is self-pollinated. In F2 the probability of having all 

four different alleles in homozygous state is 1/256. Crossing scheme from the semi-dwarf Paragon Rht-D1B and 

Paragon gw2 triple mutants are not shown. 

 

Once the plants reached maturity, spikes from the F1 were harvested and threshed. A total of 51 seeds were obtained 

(coming from five plants). Each individual seed was grown in the glasshouse, leaf samples were taken for DNA 

extraction 15 days after emergence. A set of Kompetitive Allele specific PCR (KASP) markers were tested for the 

GW2 homoeologs (Wang et al, 2018) and for RHT-B1 (Ellis et al., 2002). In 2020, F2 seeds coming from the F1 

plants were potted and a total of 1,300 plants were sampled for DNA. DNA extraction was performed following the 

protocol described by Pallotta et al. (2003a). Afterwards, DNA was tested for quality and quantity with the help of a 

Nanodrop. DNA was diluted to a final concentration of 1:10 and genotyped using the KASP markers described 

above following Trick et al. (2012) protocol (Table 3.1, chapter 3). Paragon wild type was used as a control. Once 

KASP genotyping was conducted, plants were selected as follows: 

http://www.wgin.org.uk/resources/Paragon_library.php
http://www.wheat-training.com/
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- Paragon WT for GW2 (AA, BB, DD) and WT tall allele RHT-B1a. 

- Paragon gw2 triple mutants (aa,bb,dd) and the WT tall allele RHT-B1a. 

- Paragon wild type for GW2 (AA, BB, DD) and RHT-B1b semi-dwarf 

- Paragon gw2 triple mutants (aa,bb,dd) and the semi-dwarf RHT-B1b (Figure 4.6). 

 

 
Selected plants were left in the glasshouse for self-pollination. At maturity, seeds were threshed and resown in the 

glasshouse during autumn for seed bulking. Seeds were saved for spring sowing and planted on the 14 of April of 

2021 at Morley Farm for seed bulking. Due to the low number of available seeds, yield was not measured during the 

2021 growing season. Once at maturity (Zadoks 99) plants were machine harvested for TGW and grain 

morphometrics. Seeds from cycle 2021 were saved for the 2022 growing cycle. During 2022, two sowing dates 

were conducted: winter sowing and spring sowing (Table 4.1) all plots were arranged in a randomized block design 

with five blocks. 

Table 4-1: Field plots in Paragon NILs 2022 

 

 
Alleles 

2022 winter 

(# of plots) 

2022 spring 

(# of plots) 

Tall/GW2 20 20 

semi dwarf/GW2 14 20 

Tall/gw2 triple 12 20 

semi dwarf/gw2 triple mutants 16 19 

Total 62 79 

 
 

4.4. Statistical analysis 

 
The statistical analysis for the glasshouse experiments was carried out with R studio version 4.2.1 and the package 

lme 4 1.1. For both glasshouse experiments conducted in 2020 (PAC/GA) and 2021 (PAC/GA), a mixed effects 

model was fitted for each of the response variables (TGW, seed length and seed width) with treatment, genotype, 

plant ID and the genotype/treatment interaction as fixed effects and plant ID as random effect. The P values for 

explanatory variables in individual models refer to the P values computed by the ANOVA; each experiment (year) 

was analysed individually. Percentage difference data refer to the estimated marginal means deriving from the same 

models. Plants with values lower or higher than the mean ± 2 standard deviations (SD) were considered outliers and 

were removed from the datasets. For the ovary-grain development time course, a two-way ANOVA including 

genotype and block was conducted for each timepoint. Similarly, a two-way ANOVA including genotype and 

distribution was conducted for cell size measurements. For Paragon Rht-B1b x gw2 triple mutants crosses, a three- 

ways ANOVA was fitted to the response variables (e.g., TGW, seed width, seed length, yield and height) with the 

Year/Block interaction as a nested effect in response to mutations. The P values for explanatory variables in 

individual models refer to the P values computed by the ANOVA. For the Tukey values, a two ways ANOVA was 

fitted for each variable in response to RHT* GW2 alleles, and each year was analysed independently. 
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4.5. Results 

 

4.5.1. Carpel/grain width and length increase significantly during development in 

the triple gw2 mutants when compared to the Paragon WT. 

A developmental time course of carpel/ grain size was conducted using Paragon GW2-A1 and Paragon single gw2- 

A1 NILs which showed significant differences on grain width and length since heading (Simmonds et al., 2016). 

Since increases on grain morphometrics are more subtle in the single mutants when compared to the gw2 triple 

mutans and to determine when differences on grain morphometrics are first established in the Paragon WT and 

Paragon gw2 triple mutants NILs, we conducted a glasshouse experiment. Developing ovaries from central spikelets 

were taken at six different time points: heading (-5), anthesis (0 dpa), 5, 10, 15 and 20 dpa. We found non-significant 

differences at the first sampling point (heading -5) in both grain length and width (Figure 4.7). 

 
Figure 4-7: (A) Ovary/grain length (mm) in Paragon WT and Paragon gw2 triple mutants at different developmental 

stages. Each data point represents the mean of twenty ovaries/grains coming from five different plants. (B) 

Ovary/grain width (mm) in Paragon WT and Paragon gw2 triple mutants at different developmental stages. The lines 

connect the mean values of each genotype. Time (-5 heading, 0 anthesis, 5,10,15 and 20 days post anthesis). ns: P > 

0.05; ** P < 0.01, *** P < 0.001, 

****P<0.0001. 

 

 

The same non-significant trait was found on grain length for the two following time points (0 and 5 dpa), until day 

10, 15 and 20 after anthesis where significantly longer grains were found (P < 0.01, Figure 4.7). In width, we 

found a stronger effect from anthesis onwards (expect 5 dpa) with significant increases (P < 0.001, Figure 4.7) 

in the gw2 triple mutant when compared to the WT NILs. These results demonstrate the robust effect on grain 

increases due to wider grains followed by increases on grain length in the presence of the gw2 alleles which is 

consistent with what was  previously reported by (Wang et al., 2018). 
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4.5.2. UHPLC-MS displayed significant differences on GAs content across 

genotypes. 

We hypothesize that the abundance of the enzymes GA20-oxidase (GA20ox) and/or GA3-oxidase (GA3ox) will 

be higher in developing carpels at heading stage in the gw2 triple mutants resulting in increases on bioactive forms 

GA1 and/or GA4 when compared to the WT. To test this, we conducted a UHPLC-MS analysis where 18 out of 20 

GAs catabolites were quantified (Table 4.2). Most of the GAs were found to be significantly higher in the WT (10 out 

of 18) (Table 4.2). Both the bioactive GA4 and GA3 increased by 135% and 7.1% respectively, in the triple mutant 

(Table 4.2). Despite the increases, the concentrations of  GAs in both lines are extremely low, almost  beyond detection 

as it is measured in picogram (pg) making the interpretation and the attribution of a biologically            significant effect 

challenging. From this experiment, we can conclude that although there are statistical differences in GAs 

concentrations at heading time, it may be difficult to attribute increases in ovary size in the tested NILs to GA 

concentrations alone.  

Table 4-2: Gibberellin content (pg/mg DW) from Paragon NILs in developing carpels at heading stage.                           

The bioactive Gas are highlighted in bold.                         

 
 

 

  

Pathway Gibberellins Paragon 

WT 

Paragon triple gw2 

mutants  

Delta (%) P values                                                                    

(t-test) 

Non-13-H 

Hydroxylation 

GA3 2.45±0.27 2.63±0.38 7.14 0.50 

13-H GA54 0.46±0.02 1.40±0.06 203.38 0.006 

13-H GA12ald 51.64±3.32 44.89±5.7 -13.08 0.47 

13-H GA15 3.31±0.14 4.83±0.63 45.65 0.007 

13-H GA9 0.27±0.0 0.19±0.0 -28.52 0.23 

13-H GA4 0.23±0.0 0.54±0.0 135.49 0.01 

13-H GA34 0.40±0.0 0.35±0.0 -11.22 0.50 

13-H GA51 1.04±0.0 0.87±0.09 -16.37 0.12 

13-OH 

Hydroxylation 

GA53 8.87±0.28 6.38±0.5 -28.09 0.008 

13-OH GA44 5.45±0.22 3.44±0.09 -36.92 0.05 

13-OH GA19 5.84±0.19 3.75±0.13 -35.783 0.04 

13-OH GA20 1.17±0.12 0.87±0.12 -25.04 0.19 

13-OH GA1 1.24±0.05 1.21±0.01 -2.88 0.70 

13-OH GA29 1.69±0.12 1.05±0.03 -37.84 0.02 

13-OH GA8 9.84±0.89 9.87±0.5 0.32 0.63 
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The data in table 4.2 and figure 4.8 suggests that the proportion of the Non-13-H (left) and 13-OH (right) 

GA metabolites change between Paragon NILs. In the WT, the levels of GA53, GA44, GA19, GA20, GA29 

increases when compared to the gw2 triple mutants leading to higher concentrations of bioactive GA1 

but not GA3 that was found to be more concentrated in the gw2 triple mutants. While in the Non-13-H 

pathway (left) the pattern is not so clear, we found that only the GA15 catabolite concentration was higher 

in the gw2 triple mutants leading to a higher concentration of bioactive GA4 when compared to the WT. 

We hypothesize that this shift in GAs concentrations between the non-13-H and 13-OH pathways in 

developing carpels is somehow related to the effect of the gw2 alleles (Table 4.2, Figure 4.8).  

 

 

 

 

 

Figure 4-8: Simplified gibberellin pathway with the non-13-H (left) and 13-OH (right), the arrows indicate if each of 

the GA metabolites increased or decreased with the absence WT (in blue) or the presence of the gw2 triple mutant 

allele (in red) in a Paragon backgroud. Values comes from UHPLC-MS analysis in table 4.2. Adapted from Magome et al. 

(2013). 
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4.5.3. TGW was significantly reduced in the gw2 triple mutants treated with PAC 

in 2020 

 
 

In 2020 we conducted a GH experiment where we applied contrasting treatments; GA3 was directly sprayed onto 

spikes at a concentration of 10 μM at flowering time, other plants were treated with PAC 1 μM at booting stage and 

a different set of plants were first treated with PAC at booting followed by GA3 spraying at flowering time (Figure 

4.9). 

 
Figure 4-9: Glasshouse 2020 treatments, PAC was applied at booting via root uptake, while GA3 was sprayed at 

anthesis. 

 

This experiment was conducted in order to investigate the effect of GA on grain size in the triple mutants as 

conflicting results were reported by (Li et al., 2017) and (Sestili et al., 2019b) in gw2-A1 single mutants and GW2 

RNAi lines, respectively. The first authors reported an overexpression of the GA3ox gene while the others a very 

low expression. Furthermore, we applied PAC to study how the depletion of GAs might influence final grain size. 

The combined treatment (PAC+GA) was conducted first to deplete the plant from GAs and then, to try to rescue the 

bigger grain size phenotype in the triple mutants. 

 

We found that in the WT, TGW was not affected with the application of GA3  at anthesis. In Paragon gw2 triple 

mutants a borderline effect was found (P < 0.05) where a 3.8% reduction in weight was observed when compared 

to the control (Figure 4.10). PAC 1 μM does not affect final grain weight in Paragon WT; on the other hand, PAC 1 

μM decreases significantly (P < 0.0001) final grain weight by 18.3% (reducing it from 55.1 g to 45.0 g) in triple 

mutants. The combined PAC+GA treatment affected grain weight in both genotypes in contrasting ways. In Paragon 

WT, final weight increased significantly (P < 0.01) by 5.4% (42 g vs 40 g, Table 4.3) when compared to the control. 

In contrast, in Paragon gw2 NILs we see a significant reduction (P < 0.0001) of 15.4% on grain weight (46.6 g vs 

55.5 g) when compared to the control (Figure 4.10, Table 4.3). Taken all together, we see no effect in Paragon WT 

(except combined treatment), while PAC induces significant reductions in grain weight only in Paragon gw2, which 

might indicate that GAs are involved in the bigger grain size phenotype. In the combined PAC+GA treatment, TGW 

slightly increases when compared to the PAC 1 μM treatment in both genotypes, albeit not significantly. 
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Figure 4-10: TGW (g) in Paragon WT and gw2 triple mutants in response to GA, PAC and PAC+GA treatments at 

different time points. The box represents the middle 50% of data with the borders of the box representing the 25th 

and 75th percentile. The horizontal line in the middle of the box represents the median. Whiskers represent the 

minimum and maximum values, unless a point exceeds 1.5 times the interquartile range in which case the whisker 

represents this value and values beyond this are plotted as single points (outliers). Statistical classifications are based 

on Tukey’s HSD tests. ns: P > 0.05; *P < 0.05; ** P < 0.01; **** P < 0.0001. 

 

 
                                       Table 4-3: TGW in response to PAC, GA and PAC+GA treatments 

 

Genotypes Control 
GA 10 

Flowering 

 

PAC 1 

 

PAC+GA 

Paragon WT 40.1 ± 2.0 40.0 ± 1.6 42.0 ± 1.65 43±0.92 

Paragon gw2 55.1 ± 1.5 53.0 ± 1.8 45.0 ± 1.83 46.6±1.02 

% 37 32.5 7.1 8.3 

 
 

4.5.4. Width and length are significantly reduced in Paragon gw2 treated with 

PAC in 2020 

 
Grain width was not affected by any of the treatments in Paragon WT, including the combined treatment which 

resulted in a statistically significant difference for TGW. On the contrary, in Paragon gw2, PAC 1 μM reduced width 

significantly (P < 0.0001) by 7.5% (4 mm vs 3.7 mm, Figure 4.11, Table 4.4). In the combined treatment width was 

significantly reduced (P < 0.01) by 5% (4 mm vs 3.8 mm). Regarding length, GA treatments were found to be non- 

significant in both genotypes. The PAC 1 μM treatments have contrasting effects: in Paragon WT length increased 

slightly (P < 0.01) by 1.5% (6.4 mm vs 6.3 mm) while in Paragon gw2 we found a significant decreased in length 

(P < 0.01) by 2.98% (6.5 mm vs 6.7 mm). Finally, in the combined treatment, a borderline (P < 0.05) reduction by 

6.4% in length was found in Paragon WT and a non-significant effect was found in Paragon gw2 (Table 4.5). 
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In sum, we did not observe any effect of the GA3 treatment on grain weight (except for a slight decrease in TGW in 

the triples) and size in both genotypes, while in the PAC treatments, the only detrimental effect was found in the triple 

mutants. In the combined treatment, we found contrasting effects as length increase in the WT while width decrease 

in the triple mutants. We hypothesize that the effect of GAs was  marginal because of the application time 

(flowering), furthermore we wanted to try with a different GA dose. The detrimental effect on PAC only in the triple 

mutants caught our attention, hence we decided to repeat the experiment           this time testing two different doses. In our 

next experiment, we are going to test different GA3 and PAC doses applied at different time points. 

 

 
Figure 4-11: Width and Length (mm) in Paragon WT and gw2 triple mutants in response to GA, PAC and PAC+GA 

treatments at different time points. The box represents the middle 50% of data with the borders of the box 

representing the 25th and 75th percentile. Statistical classifications are based on Tukey’s HSD tests. ns: P > 0.05; 

*P < 0.05; ** P < 0.01; **** P < 0.0001. 
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Table 4-4: Grain width in response to PAC, GA and PAC+ GA treatments 
 

Genotypes Control 
GA 10 

Flowering 
PAC 1 

 
PAC+GA 

Paragon WT 3.5 ±0.05 3.5 ±0.03 3.6±0.05 3.5±0.03 

Paragon gw2 4.0±0.04 3.9±0.03 3.7 ±0.06 3.8±0.03 

% 14 11.5 2.7 8.5 

 
Table 4-5: Grain length in response to PAC, GA and PAC+ GA treatments 

 
 

Genotypes Control 
GA 10 

Flowering 
PAC 1 

 
PAC+GA 

Paragon WT 6.3±0.07 6.1 ±0.07 6.4 ±0.05 6.2±0.03 

Paragon gw2 6.7 ±0.06 6.7 ±0.05 6.5 ±0.09 6.6±0.04 

% 6.34 9.8 1.5 6.4 

 

 

 

4.5.5. PAC reduces TGW significantly in the gw2 triple mutants in 2021 

 

 
In the 2020 results, we observed a significant reduction on final grain weight in the gw2 triple mutants treated with 

PAC. To corroborate these results and to see if there was an effect at lower concentrations of PAC, we grew plants 

from Paragon WT and Paragon gw2 triple mutants and we treated them with two different PAC doses (0.5 µM and 

1 µM) at booting stage for 14 days, in addition to the control treated with water. We found a significant interaction 

between PAC treatment and genotype (P < 0.05), and therefore we examined the simple effects. In the WT, we 

found that the PAC treatment did not affect final grain weight at a lower concentration, but that TGW increased in 

the highest PAC 1 μM concentration by 7.14% (44.8 g vs 41.6 g, Figure 4.12, Table 4.6). On the other hand, in the 

gw2 triple mutants, PAC decreased TGW significantly in a dose dependant manner by 13% (43.2 g vs 50.2g) and 

by 16.5% (41.9g vs 50.2g) in the PAC 0.5 uM and PAC 1 uM treatments respectively (Figure 4.12, Table 4.6). 

These findings are consistent with what was observed in 2020, when the gw2 triple mutant plants treated with PAC 

1 uM resulted in 25% lighter grains than the untreated gw2 triple mutants plants. In both years, PAC eliminated the 

effect of the gw2 triple mutant on final TGW. These results support our hypothesis that if the GA pathway is blocked 

at booting stage, the Paragon gw2 triple mutant loses the heavier grain size phenotype and produces  grains with a final 

grain weight matching those of Paragon WT plants. 
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Figure 4-12: TGW (g) in Paragon WT and gw2 triple mutants in response to PAC treatments at booting. The box 

represents the middle 50% of data with the borders of the box representing the 25th and 75th percentile. The 

horizontal line in the middle of the box represents the median. Whiskers represent the minimum and maximum 

values, unless a point exceeds 1.5 times the interquartile range in which case the whisker represents this value and 

values beyond this are plotted as single points (outliers). Statistical classifications are based on Tukey’s HSD tests. ns: 

P > 0.05; *P < 0.05; ** P < 0.01. 

 
 

Table 4-6: Average TGW (g) of Paragon WT and gw2 triple mutants in response to PAC treatments at booting. 

Values represent the means of ten plants. Percentage (%) values at the bottom refer to the difference between 

genotypes the wild type and the mutant lines. 

 
TGW in response to PAC treatments 

Genotypes PAC 0 (control) PAC 0.5µM PAC 1µM 

Paragon WT 41.6 ± 1.8 44.3 ± 1.8 44.8 ± 1.8 

Paragon gw2 50.2 ± 2.0 43.2 ± 1.6 41.9 ± 1.6 

% 20.6 -2.4 -6.4 

 

 

 

 

4.5.6. GAs increases on grain weight are time dependant rather than dose 

dependant 

 
 

In the experiment carried out in 2020, no effect was found on TGW when GA 10 μM was applied at flowering time. 

We hypothesised that applying GAs at heading time (~5 days before flowering) and at flowering time at two different 

doses (5 μM and 10 μM) would induce ovary growth that would translate in heavier and bigger final grain size. We 

used the same Paragon WT and gw2 triple mutant NILs to measure the effect of gibberellins on final grain weight. 

We tagged primary spikes and treated them with GA3 at 5 μM and 10 μM starting at heading or anthesis for five 

consecutive days (Figure 4.13). 
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Figure 4-13: Glasshouse experiments 2021. PAC was added at booting stage at different concentrations, while GA3 

was sprayed at heading and anthesis at different concentrations. 

 
 

Mature spikes were harvested and threshed. We first compared the effect of GA within each genotype (Figure 4.14); 

we found that the only significant difference (P < 0.01) was in the WT NILs, where the GA treatments both at 

heading and flowering increased the grain weight (Table 4.7). Firstly, in Paragon WT plants, TGW increased by 

12% when GA 5 μM was applied at heading with respect to non-treated control plants, but this effect was not 

significant. However, a highly significant effect was seen for GA application at flowering time (P < 0.0001; Figure 

4.14). In the MT genotype, a more variable effect was observed with non-significant reductions on final gran weight 

regardless of the dose and application time (except for GA10 μM at heading which reduced TGW) (Figure 4.14, 

Table 4.7). In summary, we found that GAs increased TGW only in the WT, especially when the plant hormone 

was applied at flowering time, and that the highest concentration (GA10 μM) almost approaches the TGW of the 

triple mutants, in contrast to the triple mutants which were not responsive to GAs. 
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Figure 4-14: (A) TGW (g) in response to treatment GA5 µm and GA10 µM treatments. The box represents the 

middle 50% of data with the borders of the box representing the 25th and 75th percentile (as described above).ns: 

P > 0.05; **P < 0.01; ****P < 0.0001. 

 

 

 
Table 4-7: Average TGW (g) of Paragon WT and gw2 triple mutants in response to GA treatments at heading (H) 

and flowering (F). Values represent the means from 10 plants. Percentage (%) values at the bottom refer to the 

difference between genotypes the wild type and the mutant lines. 

 
Genotypes control GA 5 H GA 5 F GA 10 H GA 10 F 

Paragon WT 41.6 ± 1.83 45.5±1.76 47.4±1.76 45.5±1.99 48.8±1.7 

Paragon gw2 50.2 ±2.00 50.0±1.76 51.9±1.67 40.9±1.87 44.3±2 

% 20.6 ** 9.8 9.4 -10.7 -7.4 

 

 

 

4.5.7. PAC has contrasting effects on grain morphometrics depending on the 

genotype 

In 2020 we found that PAC 1 μM treatments did not affect grain length and width in the WT while both length and 

width dropped significantly in the triple mutants. For that reason, we wanted to assess in the following year the 

consistency of the effect on final grain morphometrics at both PAC 0.5 μM and PAC 1 μM doses. We conducted a 

two-way ANOVA for length, we found that, the variables genotype (P < 0.001) and treatment (P < 0.05) were 

significant. The interaction between genotype and treatment was also significant (P < 0.001), and therefore simple 

effects were analysed. In the WT, we found that all PAC treatments were significant. Firstly, a 5.3% increase in final 

grain length (P < 0.001) was found when PAC 0.5 was applied (Figure 4.15), whereas a 4.3% increase (P < 0.001) 

was found when PAC 1 was applied in comparison with the control (Table 4.8). In contrast, in the MT genotype we 

see that final length tends to decrease but only as a borderline significant (P < 0.50) effect in the lower dose. A 

comparison between treatments was carried out; regardless of the PAC treatment, grain length was found to be 

significantly higher in the MT (P < 0.01). As for grain width, in the WT grain in increased significantly in both PAC 
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treatments (P <0.01 and P <0.001) while in the MT, grain it remained the same compared with the control (Figure 

4.15) (Table 4.9). In a two-way ANOVA for width, the variable treatment resulted highly significant as well as the 

interaction between genotype and treatment (P <0.001). We found contrasting effects in the treatments across the 

two years. In 2021 grain length and width were not affected when PAC 0.5 μM or PAC 1 μM were applied at booting 

in the gw2 triple mutant lines while the positive effect in the WT lines is most likely linked to variations between the 

plants and the tested spikes. In 2020, PAC 1 μM treatment did not affect grain morphometrics in the WT while in 

the gw2 triple mutants both length and width decrease significantly. 

Figure 4-15: Length and width (mm) in Paragon WT and gw2 triple mutants in response to PAC treatments at 

booting. The box represents the middle 50% of data with the borders of the box representing the 25th and 75th 

percentile. ns: P > 0.05; *P < 0.5; **P < 0.01; ****P<0.0001. 

 
 

Table 4-8: Average length of Paragon WT and gw2 triple mutants in response to PAC treatments at booting. Values 

represent the means from 10 plants. Percentage (%) values at the bottom refer to the difference between the wild 

type and the mutant lines 
 

         Genotypes  control  PAC 0.5 µM  PAC 1 µM  

Paragon WT 6.36±0.07 6.77±0.06 6.65±0.0 

Paragon gw2 7±0.06 6.98±0.05 6.97±0.05 

                     %  17  3.1  4.8  

 

 

 
Table 4-9: Average width of Paragon WT and gw2 triple mutants in response to PAC treatments at booting. Values represent the 

means from 10 plants. Percentage (%) values at the bottom refer to the difference between the wild type and the mutant lines. 
 

Genotypes control PAC 0.5 uM PAC1 uM 

Paragon WT 3.68±0.05 3.92±0.05 3.88±0.04 

Paragon gw2 4.14±0.05 3.94±0.04 4.04±0.04 

% 12.5 0.5 4.12 
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4.5.8. GAs increases length and width only in Paragon WT 

As stated above, we wanted to assess the effect of GAs on grain morphometrics. In Figure 4.16, we can see that in 

the WT, grain length increased significantly (P < 0.001) when GAs were applied at both heading and anthesis (Table 

4.10). We conducted a two-way ANOVA, which revealed that genotype, treatment and the interaction were all 

significant (P < 0.001). Next, we conducted a post-hoc Tukey test that highlighted both GA treatments as highly 

significant (P < 0.01) when compared with the control (Figure 4.16). In the triple mutants, length in response to 

treatment was non-significant, with only a borderline effect on GA10 emerging at flowering. Despite the significant 

increase in grain length in the WT compared to the non-significant response in the MT, grain length is still 

significantly longer in the MT plants independent of the GA treatment. The same response pattern was found in 

width, where we found a significant interaction between GA treatments and genotype (P < 0.001). In the WT, we 

found that GAs significantly increased width (P < 0.001) (Table 4.11). A non-significant effect was found in the 

MT, suggesting that GAs do not influence final grain width or length regardless of the dose and application time. As 

a general conclusion, we can see that both GA treatments increased grain morphometrics in the WT, regardless of 

concentrations (5 μM and 10 μM) or application time points (heading and flowering). Contrary to this, we found no 

effect in the MT on final grain length and width when GAs were applied. These findings agree with the results from 

2020, which showed that final width and length were not affected in the MT by GA spraying. In contrast, grain 

morphometrics was affected in 2021 by both GA treatments whereas in 2020 no effect was recorded in the WT. 

 
Figure 4-16: Length (mm) and width (mm) in Paragon WT and gw2 triple mutants in response to GA5 uM and GA10 

uM treatments at heading and flowering. The box represents the middle 50% of data with the borders of the box 

representing the 25th and 75th percentile. ns: P > 0.05; **** P < 0.0001. 
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Table 4-10: Average length (mm) of Paragon WT and gw2 triple mutants in response to GA treatments at heading 

and flowering. Values represent the means from 10 plants. Percentage (%) values at the bottom refer to the 

difference between genotypes normalized for the wild type. 

 

 

 

 
 

 

 

Table 4-11: Average width (mm) of Paragon WT and gw2 triple mutants in response to GA treatments at heading 

and flowering. Values represent the means from 10 plants. Percentage (%) values at the bottom refer to the 

difference between genotypes normalized for the wild type. 

 
 

Genotypes control GA 5 H GA 5 F GA 10 H GA 10 F 

Paragon WT 3.68±0.05 3.94±0.04 3.98±0.04 3.97±0.05 4.01±0.04 

Paragon gw2 4.14±0.05 4.15±0.04 4.25±0.04 4.02±0.05 4.09±0.05 

% 12.5 5.3 6.3 1.25 1.9 

 

 

4.5.9. Height is not affected by GA nor PAC in both genotypes 

We measured internodes, peduncle and spike length at maturity to see if different treatment had an influence on final 

height (Figure 4.17, Table 4.12) 

 
Figure 4-17: Stacked box plot of final length (cm) in Paragon WT and Paragon gw2 triple mutants. Error bars 

represent the standard error of the total length per tissue. 

Genotypes control GA 5 H GA 5 F GA 10 H GA 10 F 

Paragon WT 6.36±0.07 6.80±0.06 6.86±0.06 6.77±0.06 6.78±0.06 

Paragon gw2 7.11±0.06 6.97±0.05 7.06±0.05 6.97±0.06 6.96±0.06 

% 11.7 2.5 2.9 2.9 2.8 
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Table 4-12: Average height (cm) of Paragon WT and gw2 triple mutants (in cm) in response to different treatments at 

maturity. Values represent the means from 30 tillers per genotype and per treatment. 

 
Genotypes control GA 10 F GA 10 H GA 5 F GA 5 H PAC 0.5 PAC 1 

Paragon WT 76.8 ± 1.31 76.2 ± 1.31 80.2 ± 1.22 77.5 ± 1.10 78.8 ± 1.10 83.1 ± 1.10 78.3 ± 1.31 

Paragon gw2 80.9 ± 1.22 75.4 ± 1.15 76.9 ± 1.31 81.1 ± 1.15 77.7 ± 1.15 78.3 ± 1.31 77.4 ± 1.31 

% 5.3 -1.04 -4.11 4.64 -1.39 -5.77 -1.14 

 

 
 

We found that none of the treatments affected final height (P > 0.05) and tissue length (P > 0.05) (spike, peduncle 

and internodes). This was unexpected in the PAC treatments as we applied it at booting time, before peduncle 

elongation, and Davis et al (1991) reported that PAC is a cell elongation and internode extension inhibitor. On the 

other hand, the GA treatments were applied at flowering time when internodes, peduncle and spike were elongated 

and the spike fully developed, so the overlapping measures with the controls were to be expected. 

 

 

4.5.10. Increases in pericarp cell length are related to the gw2 alleles. 

 

 
In order to understand whether increases in grain size were due to cell proliferation or cell expansion, we measured 

pericarp length and width from a set of mature grains that were imaged with SEM. Mature grains from the 2019 

field season were selected from Paragon WT and gw2 triple mutants NIL following the criteria described earlier 

(section 4.3.4). Briefly, in the normal distribution group (Figure 4.18, left) seeds from the WT were smaller than 

those of the triple mutants while in the overlap group (Figure 4.18, right) we selected seed from both NILs with 

similar lengths and widths. The first comparison was between the normal distribution group where on average triple 

mutants had a 34% significant increase in mean cell length (P < 0.0001) compared to average WT in the bottom of 

the grain. Conversely, in the top a 13% significant increase was found (P < 0.0001) when compared to the WT. In 

the overlap group, we see the opposite pattern on cell length where, a reduction of 14% and 21.3% (P = 0.030) was 

found in the bottom and in the top respectively, when compared to the WT (Figure 4.18). In figure 4.19, we found 

that cell width significantly increased in the normal distribution group by 14.6 % and by 4.6 % (P=0.040) in the 

bottom and in the top of the grain, respectively, when compared with the WT. In the overlap group, once again we 

found the opposite effect, with cell width decreasing by 16% and 19.8% in the bottom and in the top, respectively, 

in the gw2 triple mutant compared the wildtype. Finally, we plotted and estimated cell number as follows: cell 

number= grain length (mm)/ mean cell length (µm) *1000. We found that Paragon WT has more cell than Paragon 

gw2 in the normal distribution while in the overlap group, Paragon WT has significantly (P < 0.01) fewer cells than 

Paragon gw2 (Figure 4.20). In summary, our results suggest that increases in grain length and width in Paragon gw2 

are related to increases on pericarp cell length and width. 
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Figure 4-18: Comparison of pericarp cell length in Paragon WT and gw2 triple mutants NILs. Density plots of cell 

length and width measured in 18 grains per genotype in 2019; lines represent the mean of values of cell length and 

width. Grain length insets at the top show the average grain length and delta (%) of each of the grains used in the 

study, as derived from mixed effect models having length as response variable, genotype and position as fixed effects 

and seed ID as a random effect. A model was fitted to each distribution. The delta values and the P values represent 

the differences in cell length and width in the different groups according to the same models. 

 

 

 
Figure 4-19: Comparison of pericarp cell width in Paragon WT and gw2 triple mutants NILs. Density plots of cell 

length and width measured in 18 grains per genotype in 2019; lines represent the mean of values of cell length and 

width. Grain width insets at the top show the average grain width and delta (%) of each of the grains used in the 

study, as derived from mixed effect models having width as response variable, genotype and position as fixed 

effects and seed ID as a random effect. A model was fitted to each distribution. The delta values and the P values 

represent the differences in cell length and width in the different groups according to the same models. 
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Figure 4-20: Cell number in Paragon WT and Paragon gw2.The box represents the middle 50% of data with the 

borders of the box representing the 25th and 75th percentile (as described above). * P < 0.05; **P < 0.01. 

 
 

4.5.11. The gw2 mutant allele increases grain weight and size independently from 

the semi dwarf allele (Rht-B1b) 

We hypothesized that GAs are involved in bigger grain size and weight in Paragon gw2 triple mutants. Furthermore, 

we hypothesized that the gw2 and Rht-B1b alleles (DELLA protein) might alter the response of the 

gibberellin synthesis affecting grain size. For these reasons, we crossed the “tall Rht-B1a” Paragon gw2 triple 

mutants (referred to as Tall NILs) (BC2F3) plants to the semi-dwarf Paragon Rht-B1b (BC2F3) NILs. Across two 

growing seasons we measured yield, grain morphometrics and height. Firstly, we wanted to understand if the RHT 

alleles    interact with the gw2 alleles affecting grain size, weight and yield. Secondly, in the field, we measured height 

to corroborate that the semi-dwarf allele was correctly introgressed. As expected, we found that final height (cm) was 

significantly reduced (by 10% and 20% in 2021 and 2022 respectively in the semi-dwarf lines (Table 4.13, Figure 

4.21 and 4.22). This coincides with previous reports on the effect of the Rht-B1b allele where a 15% - 20% decrease 

in plant height has been measured (               Jobson et al., 2019). 

We then analysed TGW, seed morphometrics and yield. TGW increased significantly (P ≤ 0.001) by 18% in 2021 

and by 25% in 2022 in the Tall NILs carrying the gw2 alleles when compared to the GW2 (WT) controls (in green 

Figure 4.21 and 4.22). Grain length increased significantly (P ≤ 0.001) by 7.9% and 4.9% in 2021 and by 9.0% and 

5.6% across the two- growing season in the semi-dwarf and tall lines carrying the gw2 alleles, respectively (Table 

4.13). Following the same trend, grain width increased significantly (P ≤ 0.001) by 7.9% and 9% in the tall/ gw2 

triple mutants, while in the semi- dwarf/gw2 triple mutants, width increased by 1% and by 6.5% in 2021 and 2022, 

respectively (Table 4.13). Yield     dropped significantly (P < 0.01) by 4.8% in the NILs carrying both the semi-dwarf 

allele/ gw2 triple mutations in 2021, while in 2022 a significant (P < 0.01) 8.2% decrease on final yield was found 

when compared to the Tall/ GW2 (WT/WT) (Figure 4.21 and Figure 4.22). The detrimental effect on yield caused 

by the triple introgression of gw2 alleles was previously reported in Chapter 2 in a Paragon background. To our 

surprise, yield did not drop significantly in the tall mutants carrying the gw2 triple mutation (in green). These results 

are unexpected based on what we previously reported in 
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Chapter 2, where across two growing season yield dropped significantly by 5.8% and 3.6% in 2020 and 2021, 

respectively. This might indicate that yield losses are due to variation in the field across different plots rather than 

related to the genotypes. Finally, we found that protein content increased significantly by 4.4% and 6.4% across 

seasons in the Paragon gw2 triple mutant (independently from the semi-dwarf allele) (Figure 4.21 and Figure 4.22), 

these results being in line with what we found in chapter 2. We also found significant protein increases in the NILs 

with the semi-dwarf/gw2 triple mutants by 1.8% and 4.1% in winter and spring sowing (Table 4.13, Figure 4.21 

and 4.22). This goes against what was previously reported by several authors; one of the most well documented 

trade-offs of the semi-dwarf alleles being the reduction of seed size and protein content by 15% and by 12% 

respectively (Jobson et al., 2019). Here, we found that the semi-dwarf/gw2 triple mutants increased grain weight, 

size and protein content consistently across season.   

 

 
 

 
Figure 4-21: TGW, Yield, Protein content and height across two growing seasons in Paragon NILS for height and 

grain size. The box represents the middle 50% of data with the borders of the box representing the 25th and 75th 

percentile. Each dot represents a plot in the field. 
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Figure 4-22: Interaction plots with P values for TGW, yield, protein content and height across two growing seasons in 

Paragon NILS. The dots represent marginal means derived from the model having replicate block, Rht and GW2 allele plus 

their interaction; the p values refer to the interaction between Rht and GW2 in the same model. 

 

Lastly, we generated interaction plots to visualize if there is a significant interaction between GW2 x Rht alleles 

and the variables under consideration: TGW, yield, protein content and height. We found no significant 

interactions between the alleles and the response variables. We would like to highlight that height was not affected 

by the presence of the gw2 triple mutant alleles (Figure 4.22, last panel in purple) which is consistent with what 

we previously reported in UK trials in a Paragon background (Chapter 2, Table 2.3). In contrast, after two years 

of field experiments in Mexico we found that in both cv Reedling and Kingbird, height was significantly reduced 

in irrigated plots with the presence of the gw2 mutant alleles. These contrasting results might be due to 

environmental factors (the three are spring wheat cultivars); as a follow up experiment, we could test Paragon 

semi-dwarf /gw2 triple mutants in Obregon for grain morphometrics, TGW, yield and height. Adding 

environmental like temperature and soil moisture to models combining several locations might further elucidate 

the conditions under which an interaction is likely to occur. Taken together, we can conclude that the gw2 alleles 

and RHT-B1b act independently from each other and their   effects on grain weight, grain morphometrics and protein 

content, are antagonistic. 
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Table 4-13: Yield, grain morphometrics, protein content and height in Paragon NILs for height and grain size 

 

 

 
 

Year 
Alleles 

Yield 

(kg/plot) 
SE 

Delta 

(%) 

P 
values 

TGW 
(g) 

SE 
Delta 

(%) 

P 
values 

Grain Width 

(mm) 
SE Delta (%) 

P 
values 

Grain 

Length (mm) 
SE 

Delta 

(%) 

P 
values 

ANOVA 
interaction 

2022 

Winter 
Tall/GW2 5.274 

 

±0.06 
…. …. 47.22 

 

±0.36 
…. …. 3.695 

 

±0.01 
…. …. 6.610 

 

±0.02 
…. …. 

 

 semi dwarf/GW2 5.123 
±0.06 

-2.9% 
0.44 

41.13 
±0.27 

-12.9% 
≤0.001 

3.538 
±0.01 

-4.2% 
≤0.001 

6.414 
±0.02 

-3.0% 
≤0.001 

Rht-B1 (semi-dwarf) 

 Tall/gw2 triple 5.105 
±0.05 

-3.2% 
0.57 

55.75 
±0.33 

18.1% 
≤0.001 

3.894 
±0.00 

5.4% 
≤0.001 

7.135 
±0.02 

7.9% 
≤0.001 

gw2 triple 

 semi dwarf/gw2 

triple mutants 
5.012 

 
±0.05 

-5.0% 
 

0.42 
48.91 

 
±0.35 

3.6% 0.2 3.730 
 

±0.00 
1.0% 0.7 6.937 

 
±0.02 

4.9% 
 

0.49 
Rht-B1:gw2 

2022 

Spring 
Tall/GW2 

 

3.55 

 

±0.06 
…. …. 

 

37.78 

 

±0.37 
…. …. 

 

3.40 

 

±0.01 
…. …. 

 

6.25 

 

±0.02 
…. …. 

 

 semi dwarf/GW2 
3.41 ±0.06 -3.96 0.44 32.26 ±0.32 -14.62 ≤0.001 3.25 ±0.01 -4.3 ≤0.001 6.05 ±0.01 -3.1 ≤0.001 

Rht-B1 (semi-dwarf) 

 Tall/gw2 triple 
3.35 ±0.05 -5.62 0.57 47.24 ±0.46 25.03 ≤0.001 3.71 ±0.01 9.1 ≤0.001 6.79 ±0.00 9.0 ≤0.001 

gw2 triple 

 semi dwarf/gw2 
triple mutants 

 
3.26 

 
±0.05 

 
-8.29 

 
0.42 

 
41.88 

 
±0.53 

 
10.85 

 
0.23 

 
3.62 

 
±0.01 

 
6.5 

 
0.68 

 
6.63 

 
±0.02 

 
5.6 

 
0.49 

Rht-B1:gw2 

 

 
 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
*Delta values were obtained by (gw2 triple mutant alleles – the WT allele/ WT allele) *100 

 

 
Year 

Alleles 
Grain protein 

content (GPC) 
SE 

Delta 

(%) 

P 
values 

Height SE Delta (%) 
 

P values 
ANOVA 

interaction 

2022 

Spring 
Tall/GW2 13.3 

 

±0.08 
….  

…. 
100.05 ±1.04 …. 

 

        …. 
 

 semi dwarf/GW2 12.9 ±0.06 -2.5% 0.2 91.2 ±0.65 -8.84 ≤0.001 Rht-B1 (semi-

dwarf) 
 Tall/gw2 triple 13.8 

±0.10 
4.4% 

0.004 99.7 ±0.50 -0.3 
0.9 gw2 triple 

semi dwarf/gw2 triple mutants 13.5 ±0.08 1.8% 0.4 89.4 ±0.48 -10.6 ≤0.001 Rht-B1:gw2 

2022 

Winter 
Tall/GW2 15.3 

 

±0.16 
….  

…. 
79.85 ±0.57 …. 

 

…. 
 

 semi dwarf/GW2 
15.11 ±0.11 -1.20% 

0.16 
64.25 ±0.69 -19.53 

≤0.001 Rht-B1 (semi-

dwarf) 

 Tall/gw2 triple 
16.29 ±0.12 6.40% 0.03 80.625 ±0.51 0.97 

0.9 gw2 triple 

semi dwarf/gw2 triple mutants 15.93 ±0.09 4.10% 0.4 62.4063 ±1.17 -21.84 0.1 Rht-B1:gw2 
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4.6. Discussion 

 

4.6.1. GAs concentrations in developing carpels in Paragon NILs 

 
We hypothesized that Paragon gw2 triple mutants will have higher concentrations of bioactive GAs (GA4, GA3, 

GA1) that explain increases in ovary and grain size. To test this idea, we analysed ovaries at heading stage from 

Paragon NILs using UHPLC-MS. We found that there were significant differences in GAs concentrations across 

genotypes and that the proportion of 13-OH and 13-H GA metabolites shifted greatly in the WT and the gw2 triple 

mutants (Table 4.2, Figure 4.8). Can we hypothesize that the gw2 alleles are changing the proportions of 

bioactive GA, impacting seed size? The control of final seed size is known to be a balance between endosperm 

expansion and maternal seed coat extension, in Arabidopsis and rice, ELA1 gene a negative regulator of 

growth, participates in the deactivation of bioactive GAs. Furthermore, ELA1 breaks down bioactive 

gibberellins of the non-hydroxylated-13-H pathway changing the proportions of the 13-OH pathway (Figure 

4-8, left, section 4.5.2) (Yamaguchi et al., 2014; Creff et al., 2015). The data suggests that the presence of the 

gw2 allele in wheat shifts the balance of bioactive GAs however, we still do not understand the consequences 

on grain morphometrics. In a different study, Ford et al. (2018) collected  developing internodes from two wheat 

varieties, one Icaro with a severely dwarf phenotype and one tall variety M24. They found that a delta of 33 % and 53 

% in GA19 and GA20 respectively, resulted in a 200% increase in bioactive GA1 in the tall variety M24, when 

compared to Icaro, linking the increases on plant height to increases in the bioactive GA1. In this study, GAs were 

measured in nanograms (ng)/ g in fresh weight. In our results, GAs are expressed in picograms (pg)/mg in dry weight. 

In contrast, Liu et al. (2019) compared GAs concentration in wheat, rice and maize in growing coleoptiles (in 

fmol/mg fresh weight) and found that high concentrations of GAs precursors do not necessarily translate into 

higher concentrations of bioactive GAs. This publication was not trying to link GAs concentrations with a certain 

phenotype. Instead, the authors wanted to generate a spatial distribution of GAs in single shoots. In a similar study, 

Mares et al. (2022) found that none of the biologically active gibberellins (GA1, GA3 or GA4) were detected in grains 

at any stage between 15 and 50 DPA in cv. Spica and cv. Maringa. The authors were trying to link higher levels of 

α-Amylase synthesis in wheat aleurone during grain development. They conclude that it must be independent from 

GAs. Our results suggest the same line of thinking as we did not see significant increases in GAs concentration at 

the time the ovaries were sampled. We were not able to link increases in ovary size with GAs content. However, in 

our time course (Figure 4.7) we did not observe increases in length and width at heading time (-5 heading), consistent 

with the GAs results. In the future, it will be interesting to sample ovaries at flowering time and the early stages of 

grain development to test them for GAs concentrations. 

4.6.2. Paclobutrazol decreases final grain weight consistently across two years in 

Paragon gw2 triple mutants 

We found that across two years, PAC significantly decreased final TGW while for grain morphometrics, we see a 

decrease too however the effect was not as strong as that of TGW in Paragon gw2 triple mutant when applied at 
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booting. In contrast, conflicting and unexpected results were found on final TGW and grain morphometrics in 

Paragon WT. We found increases on TGW, length and width when PAC was applied. The regulatory effects of 

PAC on plant growth have been broadly documented, despite few studies focusing on grain size and weight (Desta 

and Amare, 2021). Kutzner and Buchenauer (1986) reported that seeds treated with PAC (at 250 mg per 1 kg seeds) 

showed diminished germination rate, reduced seedling growth and retarded elongation of leaves in wheat, barley, 

oat, and rye. In wheat, Berova et al. (2002) found that final shoot length was reduced by 50% when seedlings were 

imbibed in PAC, but after a cold treatment, the same PAC treated seedlings gave bigger and heavier shoot length, 

fresh and dry weight. Hajihashemi et al. (2007) found in wheat plants that total height, area, and root length decreased 

significantly in two leaf stage plants in the presence of PAC. The effect of PAC in reducing organ size has been 

broadly documented in several plant species therefore, we expected that grain size and weight will decrease in the 

presence of PAC. In our 2021 experiment, PAC increased both grain length and width (Table 4.15 and Table 4.16) 

in Paragon WT. This was unexpected, given the general negative effect on other growth traits observed in previous 

studies. In 2020, we found that the TGW of Paragon WT control behaved very similar to the following season (40.5 

g vs 41.6 g in controls, Table 4.14), while final length increased by 2.5% (6.3 vs 6.36 mm, Table 4.15) and width 

increased by 4.8%, from 3.50 to 3.68 mm (Table 4.16). In the experiment carried out in 2020, PAC did not influence 

final grain size and morphometrics in Paragon WT while in 2021 PAC increased final grain size. The trials were 

conducted in two different seasons: while the first experiment was conducted in winter, the second started in early 

spring. Can we speculate that these contrasting results are due to differences in temperature and light intensity? In 

maize, Kamran et al. (2018) found that PAC improved the ear characteristics and grain yield, during summer trials 

mainly by increasing root density and length. In wheat (cv. Sakha 93), Manal Mohamed Emam Hassan (2013) found 

that plants treated with PAC at normal sowing, early sowing and late sowing yielded more than the controls mainly 

due to an enhanced photosynthetic capacity. Kraus and Fletcher (1994) reported that PAC (2 µM) protected wheat 

seedlings (cv. Frederick) after being exposed to a heat treatment (50°C for 2.5 hours) mainly through an enhanced 

detoxification of reactive oxygen species. PAC was found to stimulate the activity of superoxide dismutase, 

ascorbate peroxidase and glutathione reductase by 16%, 32% and 21% respectively when compared with the 

seedlings imbibed in water (controls). These results suggest that PAC can also protect plants from heat or cold stress. 

We can speculate that these conflicting results in Paragon WT are due to the experiments being conducted in different 

season. In 2021, the treatments were applied at booting time around May and the plants were harvested at the end of 

July. Our hypothesis is that PAC somehow protected the seeds from heat stress in the WT. In contrast, PAC 

decreasing final grain weight and grain morphometrics (Table 4.14, Table 4.15 and Table 4.16) in Paragon gw2 triple 

mutants consistently across years and concentrations. The heavier and larger grain phenotype in Paragon gw2 triple 

mutants was significantly lost when PAC was applied. This suggests that by blocking the gibberellin pathway (with 

PAC), the heavier and bigger grain size effect of the gw2 alleles is almost lost when compared to the WT. This allows 

us to think that there is a link between the GAs and increases in grain size in the triple mutants. 
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Table 4-14: Summary of TGW (g) across two years with PAC treatments 

 
2020 winter  2021 spring  

Genotypes PAC 0 PAC 1uM PAC 0 PAC 0.5 uM PAC 1 uM 

Paragon WT 40.1 ± 2.0 40.0 ± 1.6 41.6 ± 1.8 44.3 ± 1.8 44.8 ± 1.8 

Paragon gw2 55.1 ± 1.5 45.0 ± 1.8 50.2 ± 2.0 43.2 ± 1.6 41.9 ± 1.6 

 
 

Table 4-15: Summary of length across two years with PAC treatments 
 

2020 winter  2021 spring  

Genotypes PAC 0 PAC 1 uM PAC 0 PAC 0.5 uM PAC 1 uM 

Paragon WT 6.3±0.07 6.4 ±0.05 6.36±0.07 6.77±0.06 6.65±0.0 

Paragon gw2 6.7 ±0.05 6.5 ±0.09 7±0.06 6.98±0.05 6.97±0.05 

Table 4-16: Summary of width (mm) across two years with PAC treatments 
 
 

 

 

 
 

4.6.3. Exogenous gibberellin treatments increase final grain weight and grain 

morphometrics in Paragon WT but not in the Paragon gw2 triple mutants 

 
 

In 2021, we found that GA3 treatments increased final weight (Table 4.17) and grain morphometrics (Table 4.18 and 

Table 4.19) in the WT NILs. This is consistent with examples in the literature where gibberellins induce growth in 

cereals (Hedden, 2020). GAs promote growth in wheat and barley, and it was demonstrated that the application of 

exogenous GA accelerates spike development under short days breaking the vernalization period Pearce et al. (2013) 

(Boden et al., 2014b). Probably the best studied effect of GAs involves the Rht-1 semi-dwarfing alleles, which reduce 

stem extension by causing partial insensitivity to GAs. This altered response is caused by mutations in either of the 

homoeologous DELLA genes Rht-B1 and Rht-D1, which have nucleotide substitutions that create premature stop 

codons (Thomas, 2017). Given the multiple examples cited above where GAs induce growth, we hypothesize that 

the application of GAs at different time points (heading and flowering) and concentrations will result in bigger grain 

size due to the action of the hormone. Thus, in accordance with literature, we found that Paragon WT increased in 

final grain weight (Table 4.17), length and width (Table 4.18, Table 4.19) when GAs were applied at both heading 

and flowering. In Paragon gw2 triple mutants, we observed a decrease, albeit not significant, in grain weight (Table 

4.17) and grain morphometrics (Table 4.18, Table 4.19), especially at the highest GA dose (10 µM). Interestingly, 

we found the interaction between GA10 µM and the gw2 allele to be significant as the MT loses its heavier grain 

size at both application time points (Table 4.17). Li et al. (2017) reported similar results, with final weight, length 

and width of the WT increased when GA was applied but when GA was injected in the peduncle of the gw2-A1 

single mutants, final weight and grain morphometrics decreased. Furthermore, they report that when seeds were 

imbibed in a GA solution, germination and coleoptile length decreased, although it was not reported at which GA 

dose these effects were observed. The detrimental effect on growth at higher hormone doses had been previously 

reported. Wright (1961) reported that gibberellins and indole-3-acetic acid when applied at high doses (1000 µM) 

2020 winter  2021 spring  

Genotypes PAC 0 PAC 1 uM PAC 0 PAC 0.5 uM PAC1 uM 

Paragon WT 3.5 ±0.05 3.6±0.05 3.68±0.05 3.92±0.05 3.88±0.04 

Paragon gw2 4.0±0.04 3.7 ±0.06 4.14±0.05 3.94±0.04 4.04±0.04 
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constrain wheat coleoptile from growing. However, they use a dose 100 times higher than the one we used for our 

experiments. Matsuura et al. (2019) reported that the hormone ABA decreases the germination rate of seven different 

cultivars in wheat when applied at high doses in a dose-dependent manner. In the future, it will be interesting to 

apply GA3 at different doses in a scale of 10 units (10 µM, 20 µM, 30 µM): firstly, to see if the results obtained in 

2021 are reproducible; second, to test our hypothesis that final grain size and grain morphometrics are going to be 

negatively affected in the gw2 triple mutant while in the wildtype, the grain will increase its size in a dose-dependent 

manner. 

 

Table 4-17: Summary of TGW across two years and GA treatments at heading (H) and flowering (F) 

 
 

2020    2021  

Genotypes control GA 10 F control GA 5 H GA 5 F GA 10 H GA 10 F 

Paragon WT 40.1 ± 1.73 43.0 ± 1.65 41.6 ± 1.83 45.5±1.76 47.4±1.76 45.5±1.99 48.8±1.7 

Paragon gw2 55.1 ± 1.80 53.0 ± 1.83 50.2 ±2.00 50.0±1.76 51.9±1.67 40.9±1.87 44.3±2 

 
 

Table 4-18: Summary of length across two years of GA treatments at heading (H) and flowering (F) 

 
2020   2021   

Genotypes control GA 10 F control GA 5 H GA 5 F GA 10 H GA 10 F 

Paragon WT 6.3±0.07 6.1 ±0.07 6.36±0.07 6.80±0.06 6.86±0.06 6.77±0.06 6.78±0.06 

Paragon gw2 6.7 ±0.06 6.7 ±0.05 7.11±0.06 6.97±0.05 7.06±0.05 6.97±0.06 6.96±0.06 

 
 

Table 4-19: Summary of width across two years of GA treatments at heading (H) and flowering (F) 

 
 

2020   2021   

Genotypes control GA 10 F control GA 5 H GA 5 F GA 10 H GA 10 F 

Paragon WT 3.5±0.05 3.5 ±0.05 3.68±0.05 3.94±0.04 3.98±0.04 3.97±0.05 4.01±0.04 

Paragon gw2 4.0±0.05 4.0±0.05 4.14±0.05 4.15±0.04 4.25±0.04 4.02±0.05 4.09±0.05 
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4.6.4. Gibberellins respond to environmental changes like temperature and light 

intensity. 

In 2020, the experiment was conducted in the glasshouse from September to December. We found that gibberellins 

did not affect grain weight and size in any of the tested genotypes, in contrast to what we found in 2021 spring 

experiment (Tables 4.17,4.18,4.19). These contrasting effects may be due to differences in growing seasons. GA 

biosynthesis and inactivation responds to environmental changes like temperature, intensity, and quality of light. 

These responses have all been shown to affect GA synthesis expression by the 2-ODD genes (Hedden 2020). In 

Arabidopsis, Ferrero et al. (2019a) reported that transcription factors (TCPs) also participate in a positive feedback 

loop linked to GA action through the induction of GA biosynthesis genes in response to high temperature. Petiole, 

hypocotyl, and epidermal cell length growth increased when plants were exposed at 29°C compared to 23°C. In 

wheat, Pinthus et al. (1989) found that the lamina lengths of the first leaf treated with GA and grown at different 

temperatures increased by 110% and 170% in the 18°C and 25°C treatments when compared with the 11°C 

treatment. In order to clarify the effect of GAs on grain size and dissipate doubts about the contrasting results obtained 

in the two years, the following experiments could be planned, based on current findings and literature. First, an 

iteration of the GA experiment where three different gibberellin doses are to be applied, to test the hypothesis that 

the final grain size is going to be affected in a dose-responsive manner. Temperature should be monitored alongside 

the growing cycle of the plants. Second, a separate batch of plants are to be grown in two different controlled 

environmental room (CER) at different temperatures (15°C and 22°C), with GAs sprayed at flowering time, and 

final weight and grain morphometrics determined and analysed. 

4.6.5. Increases in grain width and length are related to increases on pericarp 

cell              size 

We found that Paragon gw2 triple mutants had longer and wider pericarp cells than the WT when bigger seeds were 

chosen (normal distribution group). On the contrary, Paragon WT showed longer and wider pericarp cells when WT 

seeds with bigger or similar morphometrics were selected (overlap group, Figure 4.16,4.17). Finally, we estimated 

the cell number and found that in the normal distribution group, Paragon gw2 triple mutants had fewer cells than the 

WT while in the overlap group, the opposite was found (Figure 4.18). Similar studies have measured pericarp cells 

on mature grains. Liu et al. (2020) found that the wheat da1 allele (which synergistically interacts with the gw2 allele 

to enhance grain size) increase grains size. They generated overexpression lines (DA1-OE-1) and DA1 RNAi plants 

(DA1-Ri-3) and compared pericarp cells from dissected developing grains (15 DPA) using a stereomicroscope. In a 

transverse section, they found that the DA1-Ri-3 plants produced more pericarp cells, forming a wider pericarp cell 

layer. In contrast, the outer pericarps of the DA1-OE-1 plants contained 8% fewer cells than those of the WT. 

Furthermore, they found that cell length was reduced in the DA1-Ri-3 lines in comparison with the WT. Although 

they measured pericarp cell thickness while us all pericarp cell length, this study suggests that genes related to the 

same ubiquitin pathway affect pericarp number and/or length. Proving that both da1 and gw2 alleles increase grain 
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size through a maternal effect. Brinton et al. (2017), measured pericarp cell lengths on 5A NILs for grain length. The 

authors found that regardless of the selected seed size, the lines with the positive 5A+ allele always had longer 

pericarp cells when compared with the 5A- allele. When estimating cell numbers, they found that both NILs had the 

same number of cells in 2015 but in 2016, the 5A- NILs had significantly more cells than the 5A+ NILs. They 

conclude that the 5A+ region from cv Badger increases the length of pericarp cells independent of absolute grain 

length. In rice, no significant difference in the outer pericarp layer thickness in both WT and GW2-KO lines was 

found (Achary and Reddy, 2021). Chen et al. (2022) measured wheat pericarp cell length from three different regions 

of the seed from a set of NILs associated with longer glumes and longer grains. It was found that P2ISP NILs had 

significantly longer cells at the top and the middle of the grain than P2WT NILs. They conclude that the P2-mediated 

increase in grain length is in part due to an increase in pericarp cell length. Our results suggest the same, that longer 

and wider pericarp cells are related to increases on grain morphometrics in the presence of the gw2 alleles except in 

the overlapping group. Probably this result is due to our sampling method, we picked much bigger grains from the 

WT and rather small grains from the gw2 triple mutants to try to fit for equivalent grain morphometrics “switching” 

completely the cell size distribution. In the future, it will be interesting to compare pericarp thickness (following the 

method reported by Liu et al. (2020)) on dissected mature grains of the single, double and triple gw2 Paragon 

mutants. This will allow us to understand if there are changes in the pericarp thickness related to the gw2 alleles. 

 

4.6.6. The gw2 alleles act independently from the Rht-B1 allele to increase 

TGW, grain size and grain protein content 

We hypothesized that the GW2 and the DELLA proteins interact affecting downstream expression of GAs, resulting 

in reductions in height, grain weight and size based on what we observed in Reedling gw2 single mutants under field 

trails both in UK and Obregon (see chapter 3). Reedling carries the semi dwarf allele RHT-B1b while Paragon has 

the tall RHT-B1a allele. We attributed the detrimental effect of Reedling on TGW, grain morphometrics and yield 

to an interaction between the gw2 and RHT-B1b allele. Furthermore, we found that height was significantly reduced 

by ~15% across 2019 and 2022 in both Reedling and Kingbird gw2 single and gw2 triple mutants under irrigation, 

when compared to the controls. To test our hypothesis, we generated the NILs as described in section 4.3.5. 

We found that the gw2 triple mutants alleles increase grain weight and size across two growing seasons 

independently from the presence of the RHT-B1allele (Figure 4.19, Tables 4.13). Furthermore, we found that protein 

content increased significantly in both NILs carrying the gw2 alleles. All these findings agreed with what we 

previously reported in chapter 2, where TGW, grain size and protein content increased significantly and consistently 

in Paragon gw2 triple mutants. Consistent with what we found, Zhang et al. (2018) reported increases in all the 

parameters mentioned above in cv Kenong gw2 single mutants. We want to highlight this result as several authors 

reported the opposite, that the semi dwarf alleles are associated with decreases in seed size and protein content 

(Casebow et al. (2016) ; Jobson et al. (2019). Combined with having a lower concentration of micronutrients like zinc, 

iron, manganese and magnesium when compared to tall varieties (Velu et al., 2017). Additionally, increases in TGW 

do not translate into increases in GPC (Guzmán et al. 2017; Laidig et al., 2017a). Wheat varieties with improved 

nutritional quality, protein content, high yield and desirable processing quality in adapted genetic backgrounds can 
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help alleviate nutrient deficiencies (Velu et al., 2017). In the present work, we showed that increases in TGW and 

GPC are achievable regardless of the RHT-B1 allele. We speculate that zinc and iron concentrations to be higher in 

the semi-dwarf and tall lines with the gw2 alleles, both parameters can be measured in the future. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/nutrient-deficiencies
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5. General Discussion 

 
The overall aim of this thesis was to understand if the gw2 alleles increases grain weight and grain morphometrics 

in different bread wheat cultivars tested under different environments. In addition, we wanted to understand if these 

increases were mediated by the plant hormones gibberellins. We combined phenotypic characterisation, chemical 

assays, analytic chemistry and genetics to answer the following questions: 

• Do the gw2 knockout alleles increase grain weight and size across years, environments and different 

wheat cultivars? For this purpose, we: 

o tested the gw2 single, double and triple mutant Paragon Near Isogenic Lines (NILs) across three 

different years (2019, 2020, 2021) and environments in the UK; and 

o evaluated cv Reedling and Kingbird single gw2-A1 and gw2 triple mutants NILs under 

irrigation, drought and heat stress in 2019 and 2022 in CIMMYT, Ciudad Obregon, Mexico. 

• Is there any alteration in the gibberellin pathway leading to increases on grain weight and size in Paragon 

NILs? To address this, we 

o conducted glasshouse experiment using bioactive GA and a gibberellin antagonist 

paclobutrazol; and 

o explored if gw2 interacts with the semi dwarf Rht-B1b allele through genetic crosses between 

Paragon gw2 triple mutant x Paragon Rht-B1b NILs. 
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5.1.1. Introgressing gw2 alleles in wheat breeding programs as a strategy to 

increase grain protein content 

Across chapters, we found that the introgression of the gw2 alleles increased grain weight and grain morphometrics 

in wildtype Paragon (Rht-A1), semi-dwarf Paragon (Rht-B1b) and semi-dwarf Kingbird (Rht-B1b) across years and 

environments. We discuss the advantages of selecting for bigger grain weight and size, especially in dry 

environments like the CIMMYT experimental station located in Ciudad Obregon in the Northwest of Mexico. 

Furthermore, we found that in both tall and semi-dwarf Paragon NILs carrying at least one of the gw2 alleles, the 

protein content increased significantly when compared to the wildtype. 

 
In the past decades, the main challenge of wheat breeding programs has been to increase global yields without 

encroaching on natural areas. Undoubtedly this strategy worked, with yields having tripled in virtually the same 

cultivated global area (Stewart and Lal, 2018a). While selecting for yield, however, the mineral density and grain 

protein content have decreased in modern varieties despite being traits that are selected for breeding programs 

(Shewry et al., 2020). In UK winter wheat varieties with the semi-dwarf alleles, a well-known negative trade-off 

exists between seed size and mineral/protein content, while there is not a clear trade-off between increases on grain 

weight and protein content (Fradgley et al., 2022). Given the previous evidence, we would like to highlight our 

findings on increases in grain protein content. We found that increases in TGW and grain morphometrics driven by 

the gw2 mutant alleles translate into increases in protein content, which is consistent with what was previous reported 

for single gw2 mutants in wheat Zhang et al. (2018) and in rice (Achary and Reddy, 2021). This demonstrates the 

robustness of this trait in gw2 mutant lines. To date, UK breeders are incorporating the gw2 allele across UK elite 

varieties aiming for increases on grain weight and size, and now also protein content. The results presented here 

would suggest that the introgression of the gw2 mutant alleles can also serve to improve grain quality. Furthermore, 

these findings open the door into investigating in more depth the nutritional content of other micronutrients in the 

mutant lines (e.g., Iron and Zinc content) combined with the possible sources of nitrogen mobilization to the grain. 

To date, we don’t know if the nitrogen source for building more proteins after anthesis is coming from increased 

remobilization from leaves to grain after anthesis or from increased roots uptake to the grain, or a combination of 

both (Kichey et al., 2007). Answering these questions will allow us to understand this mechanism and help target 

grain protein content in a more precise way, keeping in mind that wheat is a valuable resource of proteins and 

nutrients when compared to other staple cereals like maize and rice (Shiferaw et al., 2013). 
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5.1.2. Dosage-dependant pleiotropic effects on yield components in Paragon NILs 

Increases in grain weight, width and length have the potential to improve wheat yield, however negative effects on 

other yield components such as grain number and tiller number have been reported (Quintero et al., 2018, Kuchel et 

al., 2007). Consistent with this, here we found that despite a robust increase of up to 20% in TGW and 7% in grain 

morphometrics, a neutral yield effect was detected in the single and the doubles mutants and a negative effect in the 

triple mutants. When analysing yield components, we found that seed number per spike and tiller number decreased 

in a stepwise manner linked to increases in the number of mutant gw2 copies, being only significantly lower in the 

triple mutants when compared to the controls. These results exemplify how yield, TGW and tiller number are 

intrinsically linked. However, it has been demonstrated that these components can be separated and that increase in 

grain number does not necessarily mean decreases in TGW or vice versa (Brinton et al., 2017). In tetraploid wheat, a 

genome wide association analysis was conducted for grains per spike, individual grain per spike and TGW. Most of 

the QTL for TGW and grains per spike are mapped to different genetic intervals, indicating that they are genetically 

independent from each other (Mangini et al., 2018). In bread wheat cv Weebill, increases in TGW were not 

accompanied by a significant reduction in grain number, concluding that these components are not inherently linked 

and can be genetically separated (Griffiths et al., 2015). Thus, increases in grain weight and size do not necessarily 

entail decreases in seed and tiller number. In the single and double mutants, we found that decreases in both traits 

were not significant suggesting that a balance between yield components is achievable. Other examples of dosage- 

dependent effects are also present in the polyploid wheat literature. The BGC1 genes related to starch production 

follow the same dosage-dependant effects as seen for the GW2 genes. For this gene, Paragon triple bgc1 mutants 

completely block the production of  B-type starch granules, however they also reduce the total A-type starch granules 

volume by 50%. A balance is achieved in the double bgc1 mutants where the B-type granules are also absent, but 

the total starch volume (A-type) remained the same as in the Paragon WT NILs (Chia et al., 2019). Hence the double 

mutant would have a more favourable agronomic potential than the triple mutant. Taken together, these studies 

suggest that a balance between traits is possible depending on the relative contributions of the different 

homoeologous copies and the functionality of the proteins they encode. 
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5.1.3. Combining genes involved in the same pathway to regulate grain weight and 

size 

We hypothesized that introgressing the gw2 triple mutant alleles into a semi-dwarf Rht-B1b allele background would 

result in a decrease in grain weight and size based on what we found in Reedling gw2 single mutants (detrimental 

effect on grain weight, size and yield, Chapter 2) and based on the model that we generated where we hypothesized 

that both GW2 and DELLA (encoded by Rht-B1b) proteins are part of the same pathway (see section 1.6.1; General 

Introduction). Furthermore, in the introduction, we talked about downstream targets of the GW2 protein that act in a 

coordinated manner to repress growth. In Arabidopsis, rice and wheat, DA2 (GW2 in wheat and rice) and BIG 

BROTHER proteins, target DA1 for ubiquitination. Both act co-ordinately to negatively regulate grain size mainly 

by suppressing cell proliferation (Peng et al., 2015). The other case scenario is also possible, that is, knocking out 

genes of the same pathway can result in a positive effect on grain size. The wheat RNAi line targeting DA1-A1 and 

GW2-B1 genes were found to act synergistically to increase grain size in Chinese Spring across different 

environments (Liu et al., 2020). Both GW2 and DA1, are part of a ubiquitin-proteasome pathway playing a major 

role in controlling organ size in plants. While in Arabidopsis, several studies demonstrate that by altering proteins 

expression of the same ubiquitin pathway can positively fine-tune plant growth and development (Vanhaeren et al., 

2020). Recently, two more proteins UBP12 and UBP13 were found to deubiquitinate DA1. Thus, limiting its 

peptidase activity resulting in cell proliferation (Chen et al., 2021). We  hypothesize that increasing our understanding 

of how different genes/proteins interact in wheat will allow us to manipulate final grain size in a more targeted 

manner. Probably a good starting point will be to conduct GW2 RNA-Seq studies in order to characterize 

differentially expressed ubiquitin related genesin both Paragon WT and Paragon gw2 triple mutants. Likewise, given 

that the regulation could involve post-translational modifications, proteomic studies could shed light on differential 

protein abundance in the gw2 NILs. 

5.1.4. The gw2 alleles affect tiller number early in development 

In chapter 2, we reported that total tiller number decreased in a dosage dependent manner as the number of mutated 

gw2 copies increases. In the gw2 triple mutants, the difference was significant when compared to the WT. Moreover, 

we reported that the triple mutants have fewer tillers at two different growing stages (GS45 and GS83) when 

compared to the WT and that the tiller abortion rate was the same across genotypes. This data suggests that the gw2 

alleles influence the tillering developmental phase (Zadoks 20-29) which happens before stem elongation (Zadoks 

30 onwards). Previously, Simmonds et al. (2016) and Brinton et al. (2017) found that increases in carpel size were 

visible at heading time (Zadoks 55) (Zadoks et al., 1974), concluding that the gw2 single copy mutants increased 

grain size through a maternal effect. Although these findings are not mutually exclusive, here we present evidence 

that the gw2 alleles act much earlier in development than we previously knew, and that the effect extends beyond 

carpels and grains. Our results show that when tiller number reaches its peak at reproductive phase, plants with the 

gw2 mutant alleles had significant less tillers than the WT. This suggests that GW2 has a role in promoting tiller 

outgrowth during early developmental stages, a function which is impaired in the triple mutants. This contrasts to 
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the growth repression role of GW2 later during carpel/grain development. This early effect has not previously been 

seen in other studies, perhaps as most studies have been conducted in glasshouse where it is not possible to replicate 

the canopy structure (and hence plant density) that is obtained in field trials and impacts on tillering. More in-depth 

analysis of tiller outgrowth across the plant cycle will be required to further support this single year observation. This 

could then open new questions as to the mode of action of GW2 on tiller outgrowth and carpel/grain growth 

suppression. 

5.1.5. Wheat breeding in a changing environment (Obregon field experiments) 

In chapter 2, we tested the agronomical performance of Reedling and Kingbird single or triple gw2 mutant NILs in 

three contrasting environments: irrigation, drought and heat stress. We found that water scarcity (drought), resulted 

in a significant yield reduction from 47%-75% across years and cultivars, followed by late sowing (heat stress) where 

an overall 40%-60% reduction in yield was found when compared to the irrigated controls. Moreover, in our 

experiments we found that for each 1 °C increase in temperature, yield dropped by 11%. This differs from the 

previously modelled estimates that a 1 °C increase in temperature will cause a 6% reduction on wheat yield (Asseng 

et al., 2015). Lastly, when analysing the drip irrigation plots (experiment only conducted in 2019), yield increased 

significantly by 63% in Kingbird and by 10% in Reedling when compared to the drought experiments proving that, 

evapotranspiration can be reduced with the correct irrigation equipment adapted for low rainfed regions. We found 

that Kingbird gw2 triple mutants increased yield under heat stress by 24.5%; this finding will be the focus of further 

investigation in the coming years. The next big challenge for us wheat scientists will be not only to increase yield 

gains but also to breed varieties capable of withstanding either raising temperature, drought or the combination of 

both. We conclude that testing novel alleles in different cultivars at contrasting environments, is vital for 

successfully achieving these goals. In that way, the best traits for a given environment or for a given program can be 

selected and incorporated to meet the global food demands. 

5.1.6. What we learned from the introgression of the gw2 alleles in different wheat 

cultivars 

In chapter 2 and 4 we evaluated the effect of the gw2 alleles on Paragon NILs under field trials while, in chapter 3 

we evaluated the effect of the alleles in cultivar Reedling and Kingbird chosen for having differing grain weight and 

morphometrics. We found contrasting effects on yield, TGW, grain morphometrics and environments among them, 

thus, we learned that the gw2 allele does not universally increase grain weight and size across cultivars. Previously, 

Bednarek et al. (2012) found that the down-regulation of the three copies of GW2 by RNAi resulted in decreases on 

grain weight and morphometrics. Except from that single research, increases in grain weight and morphometrics 

were associated with the gw2 mutants across different cultivars, techniques and mutations (Introduction Chapter 2). 

In this thesis, we found that the introgression of the gw2 alleles does not necessarily translate in growth and that 

different traits “react” differently depending on the background. In Paragon NILs we found increases in TGW, 

length, and width, while tiller number and grains per spike decreased, and could potentially lead to significant yield 

losses in triple mutants (Figure 5.1). In Kingbird, we found that all yield related traits increased in the triple mutants 

except for total tiller number which was environmentally unstable (Figure 5.1). Finally, in Reedling, we found 
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detrimental effects in all evaluated parameters: final yield, grain size and phenological traits decrease consistently 

across years and environments in agreement with what was reported by (Bednarek et al., 2012) (Figure 5.1). This 

supports the idea that different genetic backgrounds interact with genes and environment in unique ways. 

Furthermore, we were able to link different cultivars with the different wheat haplotypes on chromosome 6A 

proposed by (Brinton et al., 2020) (See chapter 3). Our results suggest that breeders can use this approach when 

introgressing novel alleles into different wheat cultivars. We can conclude that gw2 mutant alleles do not increase 

TGW and grain morphometrics universally as the effect is cultivar dependent, but based on Paragon data, it can be 

of great use when breeding for grain protein content and grain size in certain haplotypes. 

 

 
 

Figure 5-1: Summary of Yield, TGW, grain morphometrics, yield and haplotypes from cultivars Paragon, Kingbird 

and Reedling in response to the introgression of the gw2 alleles. Triangles heading up depicts increases, pointing right 

non-significant effects while the triangles pointing down represent decreases. H: haplotypes based on chromosome 6A 

(Brinton et al 2020) 
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5.1.7. CRISPR/Cas for precision breeding 

To date, cross breeding and mutagenesis are the main methodologies for wheat improvement (Chen et al., 2019). 

The cultivars used in chapter 2 and chapter 3 (Paragon, Reedling and Kingbird) were generated by cross breeding, 

however, the gw2 alleles were discovered using a mutational breeding approach from an EMS-mutagenized 

population (General Introduction, section 1.4.3, TILLING wheat population). New genome editing technologies like 

CRISPR/Cas are currently being used to eliminate linkage drag or mutations in off-target genes. Many agronomic 

traits are conferred by single nucleotide polymorphisms which can lead to a knock-out of the gene (like the gw2 

alleles). CRISPR/Cas technology can target specific positions in the gene and induce polymorphisms to generate 

novel alleles, and in the case of polyploids, we can generate combinations that would be virtually impossible to 

happen by chance in the same plant (e.g., the triple gw2 mutants). 

In chapter 3, we hypothesize that replacing the 6Achromosomic region in Reedling for the 6A Kronos region caused 

TGW and yield loses. While replacing this whole block (that has virtually no recombination), we are not only 

introducing the gw2 mutant allele of Cadenza or Kronos but replacing a complete set of genes which have been 

selected by breeders in the cultivar. Furthermore, the Kronos and Cadenza TILLING lines have~ 500,000 mutations 

across the genome Uauy et al. (2009) adding another source of background mutations in off-target genes beyond the 

chromosome 6A introgression. 

 
Luckily, in the past years, robust protocols have been developed in cereals for CRISPR/Cas genome editing 

eliminating or reducing both linkage drag and off-target genes(Gil‐Humanes et al., 2017, Hamada et al., 2017, Hayta 

et al., 2019). This has allowed researchers to develop heavier and longer grains in Bobwhite (TaGW2 triple mutants 

grains Wang et al. (2018), low-gluten wheat without any detectable off-target mutations in any of the 35 potential 

targets Sánchez-León et al. (2018), triple knock-out copies for male sterile lines in hybrid wheat Singh et al. (2018) 

and resistance lines to wheat powdery mildew (Wang et al., 2014). Nevertheless, transgenic approaches have limited 

acceptability by consumers and governments which is a mayor challenge to overcome. In January of 2022, the UK 

changed its legislation allowing gene editing crops to be grown in the field (as experimental plots only) and probably 

to launch products to the market with the new Genetic Technology (Precision Breeding) Bill (Parliamentary Bills - 

UK Parliament). This creates an opportunity for UK based scientists to expand our research to the field. Additionally, 

the bottleneck of transforming only cv Fielder, has been overcome by the expression of the protein complex 

GROWTH-REGULATING FACTOR 4 (GRF4) and GRF-INTERACTING FACTOR 1 (GIF1) which increased 

both the transformation efficiency and the number of transformable wheat cultivars (and other cereals) (Debernardi 

et al., 2020). In the future, we will be able to transform and test different cultivars in the field, for example, Reedling 

gw2 triple mutants. This should help elucidate if the detrimental effect of the triple mutant is due to the gw2 knockout 

alleles per se, or if they are due to the replacement of the chromosome 6A, 6B and 6D haplotypes surrounding GW2. 

https://bills.parliament.uk/bills/3167
https://bills.parliament.uk/bills/3167
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5.1.8. Are gibberellins involved in bigger grain size in Paragon gw2 triple 

mutants? 

One of the central questions that we wanted to answer in this thesis was if the plant hormones gibberellins are 

involved in bigger grain size and weight in Paragon gw2 triple mutants. Existing literature provides contrasting 

evidence. First, Li et al. (2017) stated that the single gw2-A1 mutants increase seed size via the GA hormone pathway, 

specifically by the overexpression of the GA3-OXIDASE genes. Soon afterwards, Sestili et al. (2019a) found the 

opposite, and that the GA3-OXIDASE (GA3ox) were downregulated in gw2 RNAi durum lines (cv Svevo). To try 

and understand this contradiction, we did a BLAST analysis of the primers used in both studies against all three 

GA3ox homologous genes available at plants.ensembl.org. We found 13 identical hits to the set of primers (Ta.32436: 

gibberellin 3-oxidase 2-2) including the GA3ox2-2 gene located in the short arm of the chromosome 3D (Figure 5.2), 

reported by Li et al. (2017). The lack of specificity of the primer pair raises questions into the validity of the results 

as the multiple amplicons would make interpretation cumbersome. The ill design of the primers was probably due 

to them being designed from the CS survey sequence genome and before the fully annotated genome became 

available in 2018. On the other hand, the primers reported by Sestili et al. (2019a) aligned to the three copies of the 

GA3ox2 genes as expected (amplicon size 199). 

 

 

 

Figure 5-2: Thirteen identical matches across six chromosomes from the primers reported by Li et al 2017 

 

As it was not clear if the GA3ox genes were overexpress or downregulated, we decided to conduct a glasshouse 

experiment (Chapter 4) where we applied different GA3 doses at different time points and a GA antagonist, 

paclobutrazol (PAC), following the method reported by (Boden et al., 2014a). After two glasshouse seasons (chapter 

4), we concluded that the only robust effect was that of PAC in reducing grain weight and size, and only on in the 

Paragon gw2 triple mutants. Following these findings, we decided to conduct UHPLC-MS in developing carpels of 

both NILs. Although, we found differences in both GAs catabolites and biological active GAs, we were not able to 

attribute different concentrations of GAs to increases on carpel size in the gw2 triple mutants when compared to the 

WT. In parallel, we conducted qPCR experiments where we tested several GAs primers targeting GA20OX4, 

GA20OX1,GA2OX7, and GA3OX2 (Pearce et al. 2013; Sestili et al. 2019a) in developing carpels at different growth 

stages from Paragon WT, Paragon gw2 triple mutants and Paragon semi-dwarf (Rht-B1b). Relative to 

https://plants.ensembl.org/index.html
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ACTIN, we found that although the melting curves behaved consistently, all the tested GA primers, across all 

genotypes, had a very low Cq value (~35 vs 23 of ACTIN) indicating that the GAs genes are very expressed at very 

low levels in developing carpels. 

 
Additionally, to test genetically if the gw2 alleles and the Rht-B1b allele interact, we generated Paragon NILs. We 

found that both alleles act independently from each other and that the presence of the Rht-B1b allele besides reducing 

plant height (as expected) did not decrease grain weight and size when the gw2 alleles were introgress. While this 

result suggests that the effect of the gw2 triple mutant is independent of the RHT, we can also be critical of the 

experimental design. For example, we can speculate that the genetic effect of the Rht-B1b was not ‘strong enough’ 

to see an effect on grain weight and size as there are two more functional copies. Alternatively, a stronger RHT1 

allele, such as Rht-B1c or Rht-D1c , could be used to generate a stronger effect. Another explanation can be that the 

truncated DELLA protein (encoded by the Rht-B1b allele) is tissue specific and that it is not expressed in the carpel 

and grain, hence the repressive effect of both proteins due not overlap in the carpel/grain. Based on all these results, 

we cannot confirm that GAs are involved in bigger grain size and weight in Paragon gw2 triple mutants. 

 

Lastly, the detrimental effect of PAC on grain weight and size merely in the gw2 triple mutants deserves more 

attention. We can speculate that PAC is interfering not only with the biosynthesis of GA but probably with the 

synthesis of other hormones interfering with the allocation of resources to the grain, resulting in weight and size 

losses. Furthermore, new evidence points out that starch related genes are overexpressed in gw2 mutants, probably 

causing increases in grain weight and size (Lv et al. (2022), Geng et al. (2017)). It will be interesting to test if there is 

a connection between PAC and the total starch content in the gw2 triple mutant grains. We can test this hypothesis 

with the use of a Coulter counter that estimates the total starch volume following the method used by our colleagues 

at the John Innes Centre (Chia et al., 2019). 

 

5.1.9. Fine tuning gibberellins biosynthesis as a target for wheat breeding 

One central question of this thesis was to investigate the role of the GAs on grain weight and size, as already 

discussed. In chapter 4, we talked about the introgression of the semi-dwarf alleles into modern agriculture in 1960, 

exploiting a mutation in the DELLA protein to cause an altered response to the bioactive GA4 resulting in height and 

organ size reduction (Pearce et al., 2011). We would now like to focus on the novel discoveries and/or altered 

responses to GAs that are not related to the DELLA- GA signal transduction. We believe that there is a great source 

of variation of the GA genes that can be incorporated into plant breeding programmes, with great potential to increase 

yield specially in drought areas. So far, 25 RHT genes have been discovered and can be divided into two categories: 

GA-insensitive (like the Paragon semi-dwarf NILs generated in chapter 4) and the GA-responsive dwarf genes that 

have no negative effect on coleoptile length and seedling vigour (discussed in chapter 2) and are responsive to 

exogenous GA treatments. Out of 25 RHT genes, ten correspond to GA-responsive genes: RHT4, RHT5, RHT8, 

RHT9, RHT12, RHT14, RHT16, RHT18, RHT24, RHT25. RHT8 and RHT24 are already broadly used in wheat 
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germplasm (Agarwal et al., 2020). While the other GA insensitive alleles have been characterized and mapped, there 

are some remaining questions on their mode of action and agronomic potential. To date, the mode of action of the 

RHT12, RHT14, RHT18, and RHT24 alleles had been characterized an increased expression of GA2oxidaseA13 

genes caused decreases in the biosynthesis of GA12 resulting in low concentrations of the bioactive GA1. From the 

other alleles, little is known but we can hypothesize that similar modes of actions are taking place. In the next 

paragraph, we are going to focus mainly in the RHT alleles that have been tested in the field for agronomical 

performance. 

 

Firstly, RHT4 was mapped to chromosome arm 2BL, reducing plant height by 11% and increasing grain number 

while significantly reducing TGW (Rebetzke et al., 2012). Interestingly, there was no additive effect on height in 

RHT-B1B x RHT4 crosses suggesting that the two alleles act independently. RHT5 is located on chromosome arm 

3BS and was associated with a plant height reduction of 23%, delayed headingand maturity, increases in the number 

of fertile tillers per plant with parallel decreases in the number of spikelets and of grains per spike (Daoura et al., 

2013). RHT8 is on chromosome arm 2DS and reduces plant height via regulating bioactive GA biosynthesis without 

affecting coleoptile length; to date, it is used worldwide in durum wheat cultivated in dry environments (Chai et al., 

2022) (Grover et al., 2018). The RHT9 allele, lies in a region with significant height effect in chromosome arm 5AL 

(Ellis et al., 2005). The RHT12 dwarf allele was characterized and mapped to chromosome 5A, and it was 

demonstrated that an increased expression of GA2oxidaseA13 genes triggers decreases in the biosynthesis of GA12, 

a GA1 precursor. The concentration of the bioactive GA1 drops and caused a height reduction of 59%. The same 

authors concluded that the RHT14 and RHT18 decreased height by the same mechanism, both being located on the 

6A chromosome (Buss et al., 2020). RHT16 is located on chromosome arm 6AS and is among the fastest emerging 

genotypes both in laboratory and deep planting experiments (Mohan et al., 2021). RHT24 encodes a gibberellin 2- 

oxidase (TaGA2ox-A9) contributing to the reduction of bioactive GA in stems (Tian et al., 2022) (Chai et al., 2022). 

Finally, the RHT25B allele was identified and mapped to chromosome arm 6AS, affecting plant height by only 
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11.6% when compared to the 20% reduction of the RHT-B1b and RHT-D1b alleles. This suggests that it might 

serve as a useful alternative dwarfing genetic source in sub-optimal environments (Mo et al., 2018). We gather all 

the reported yield component and final yield from the RHT alleles when compared with tall lines cv Vigor18 in 

Rebetzke et al. (2016) and the RHT24 from (Tian et al., 2022). The different responses on plant height and the 

nuances on how the phenological traits are affected, are evidence of the advantages of introducing different RHT 

genes on distinct wheat cultivars and environments (Table 5.1). 

 

Table 5-1: Summary of agronomical parameters in the Rht alleles 

 
 

Gene 

Reduced 

Height vs tall 
line 

Grain number 

vs tall lines 

Grain yield 

(T/Ha) vs tall 
line 

Grain weight 

vs tall lines 

 

Chromosome 

 

Source 

RHT4 -17% 19% 11% -9.70% 2B Rebetzke.,2012 

RHT5 -55% -66% -70% -18.90% 3B Rebetzke.,2012 

RHT8 -7% -1% 0% 0.50% 2D Rebetzke.,2012 

RHT12 -45% 19% 9.30% -11.60% 5A Rebetzke.,2012 

RHT13 -34% 27% 10% ? 7B Rebetzke.,2012 

RHT24 12.50% 0% 0% -2% 6A Tian., 2022 

 

 

 
 

In this work, we found that the Paragon gw2 double mutants increased TGW by 9.6% and that yield decreased in a 

non-significant way by 0.2%. While in chapter 3, the Kingbird gw2 triple mutants increased yield by 24% and grain 

weight by 11% when compared to the controls despite growing during heat stress. Furthermore, we found that the 

truncated GW2 and DELLA proteins act independently on grain size in the Paragon NILs we generated (Chapter 

4). These results make us hypothesize, that the introgression of the gw2 alleles (either double or triple) in combination 

with the different GA sensitive Rht alleles (that can be planted deeper in the soil in drought areas), would be of benefit 

to increase grain weight without significant yield loses. Keeping in mind that, the GA enzymes are encoded by 

different genes and that their expression patterns vary with tissue and developmental stages (Pearce et al., 2015), it is 

envisaged that in the future, bespoke crops can be created for adaptation to the sub optimal conditions where these 

alleles prove to be more useful. 
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5.1.10. Sampling hormones/gibberellins in the field to account for environmental 

interactions 

In the last decades, a great amount of work has been conducted to elucidate how plant hormones determine the fate 

of individual plant organ growth and development. However, fewer resources have been devoted to trying to 

understand how different hormones interact with each other to impact plant growth in the field (Reynolds et al., 

2021a). For example, some well characterized hormone crosstalk is observed in Arabidopsis, where ethylene inhibits 

primary root growth by regulating auxin biosynthesis, transport, and signalling (Qin, He et al. 2019). Manipulating 

auxin transport regulates root architecture and decreases in auxins can enhance root vigour and rice yields (Lu et al., 

2015). Another well documented example is that of the tomato and fleshy fruits, where auxins and GAs interact in 

fruit development. During pollination and fertilization, ethylene and abscisic acid (ABA) levels decrease in many 

tissues, allowing auxin and GA biosynthesis to stimulate fruit set initiation (Fenn and Giovannoni, 2021). In wheat, 

rice and barley, hormones affect yield-related traits. Cytokines (CKs) regulate cell division and grain filling Roitsch 

and Ehneß (2000), while ABA and ethylene are related to starch synthesis (Wang et al., 2015). Finally, one of the 

best know examples is - once more - the boost in yield due to the introduction of the semi-dwarf alleles in cereals 

(Khush, 1995). The last example is the best proof of concept on how manipulating hormones signaling/sensing can 

dramatically change agriculture. Many processes that impact on crop performance and yield are controlled by plant 

hormone balance, which is particular to a given organ or tissue. Understanding this balance will be vital to, “address 

research bottlenecks to crop productivity” (Reynolds et al., 2021a, Wilkinson et al., 2012). For example, in an 

uncommon field study, eight barley accessions were monitored weekly over the life span of the plant for auxins, 

CKs, ABA, jasmonate and salicylic acid in the leaves. The researchers found that auxins and CKs levels increase 

significantly in the leaves when precipitation levels increased. ABA levels followed a similar trend with the increases 

of temperature. This study demonstrates that the environment, and not just developmental processes, can influence 

hormones levels (Hirayama et al., 2020). However, they did not correlate a peak or a decrease in hormones levels 

with specific agronomic traits. 

 
In the future, a more systematic hormone phenotyping platform needs to be implemented in order to advance in our 

knowledge on how plant hormones interact with each other to affect yield related traits. Another challenge will be 

quantifying hormones under field conditions rather than in lab experiments, as control conditions do not reflect soil 

and environment interactions (Reynolds et al., 2021a). In the field, state-of-the-art and non-destructive technology 

can be used to monitor the levels of different plant hormones in situ. Hormone biosensors can provide real-time 

monitoring in the field. Currently, biosensors can detect only one kind of hormone at a time, but this can be 

circumvented by placing several kinds of biosensors in the field (Hirayama and Mochida, 2022). With this kind of 

technology, we may be able to understand why different wheat or durum varieties are better adapted to drylands than 

others and how this reflects on TGW and grain morphometrics or yield increases. 
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5.2. Concluding statement 

In summary, in this thesis we found that the gw2 mutant alleles do not always prove of benefit to increase grain 

weight, size and yield, but rather that their effect is genotype-dependant. We did find that protein content increased 

in Paragon gw2 triple mutants proving that grain size increases do not necessarily translate into decreases on grain 

protein content. Moreover, we found that the introgression of the gw2 alleles might confer increased yield in Kingbird 

even under drought conditions while in Reedling, the introgression of the alleles had a detrimental effect possibly 

caused by replacement of positive haplotypes across group 6 chromosomes. These results highlight the importance 

of incorporating a haplotype-based approach on breeding programs combined with the relevance of testing wheat 

cultivars in different environments for novel trait discovery. We did not find evidence of the involvement of the plant 

hormone gibberellins on increasing grain weight and size either by applying chemical treatments, by deploying 

analytic chemistry, nor by genetic approaches. Finally, we believe that a better understanding of how these processes 

work will allow us to manipulate increases in grain yield in a more targeted way and help tackle food insecurity. 
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6. Supplementary materials 
 

Table 1: Complete list of Paragon NILs and sister lines used in these study 

 
 2019   Alleles    

# Genotype 
Sister 

Line 
Gw2_A1 Gw2_B1 Gw2_D1 No.Mutations Rep 

1 Paragon WT A AA BB DD 0 1 

2 Paragon WT A AA BB DD 0 2 

3 Paragon WT A AA BB DD 0 3 

4 Paragon single A aa BB DD 1 1 

5 Paragon single A AA bb DD 1 1 

6 Paragon single A AA BB dd 1 1 

7 Paragon single A AA bb DD 1 2 

8 Paragon single A aa BB DD 1 2 

9 Paragon single A AA BB dd 1 2 

10 Paragon single A AA BB dd 1 3 

11 Paragon single A aa BB DD 1 3 

12 Paragon single A AA bb DD 1 3 

13 Paragon doubles A aa BB dd 2 1 

14 Paragon doubles A AA bb dd 2 1 

15 Paragon doubles A aa BB dd 2 2 

16 Paragon doubles A AA bb dd 2 2 

17 Paragon doubles A aa BB dd 2 3 

18 Paragon doubles A AA bb dd 2 3 

19 Paragon triples A aa bb dd 3 1 

20 Paragon triples A aa bb dd 3 2 

21 Paragon triples A aa bb dd 3 3 

22 
Paragon WT B AA BB DD 0 1 

23 Paragon WT B AA BB DD 0 2 

24 Paragon single B aa BB DD 1 1 

25 Paragon single B AA BB dd 1 1 

26 Paragon single B AA bb DD 1 1 

27 Paragon single B aa BB DD 1 2 

28 Paragon single B AA BB dd 1 2 

29 Paragon single B AA bb DD 1 2 

30 Paragon single B AA BB dd 1 3 

31 Paragon single B AA bb DD 1 3 

32 Paragon doubles B aa bb DD 2 1 

33 Paragon doubles B aa BB dd 2 1 

34 Paragon doubles B AA bb dd 2 1 

35 Paragon doubles B aa bb DD 2 2 

36 Paragon doubles B aa BB dd 2 2 

37 Paragon doubles B AA bb dd 2 2 

38 Paragon doubles B AA bb dd 2 3 

39 Paragon doubles B aa BB dd 2 3 

40 Paragon doubles B aa bb DD 2 3 

41 Paragon triples B aa bb dd 3 1 

42 Paragon triples B aa bb dd 3 2 
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 2020 and 2021   Alleles    

# Genotype BC GW2_A GW2_B GW2_D No.Mutations Rep 

1 
Paragon WT 

BC2 AA BB DD 0 1 

2 
Paragon WT 

BC2 AA BB DD 0 1 

3 
Paragon WT 

BC4 AA BB DD 0 1 

4 
Paragon WT 

BC4 AA BB DD 0 1 

5 
Paragon WT 

BC2 AA BB DD 0 2 

6 
Paragon WT 

BC2 AA BB DD 0 2 

7 
Paragon WT 

BC4 AA BB DD 0 2 

8 
Paragon WT 

BC4 AA BB DD 0 2 

9 
Paragon WT 

BC2 AA BB DD 0 3 

10 
Paragon WT 

BC4 AA BB DD 0 3 

11 
Paragon WT 

BC2 AA BB DD 0 3 

12 
Paragon WT 

BC4 AA BB DD 0 3 

13 
Paragon WT 

BC4 AA BB DD 0 4 

14 
Paragon WT 

BC2 AA BB DD 0 4 

15 
Paragon WT 

BC2 AA BB DD 0 4 

16 
Paragon WT 

BC4 AA BB DD 0 4 

17 
Paragon WT 

BC2 AA BB DD 0 5 

18 
Paragon WT 

BC2 AA BB DD 0 5 

19 
Paragon WT 

BC4 AA BB DD 0 5 

20 Paragon WT BC4 AA BB DD 0 5 

21 
Paragon single 

BC4 aa BB DD 1 1 

22 
Paragon single 

BC4 AA bb DD 1 1 

23 
Paragon single 

BC4 AA BB dd 1 1 

24 
Paragon single 

BC4 aa BB DD 1 1 

25 
Paragon single 

BC4 AA bb DD 1 1 

26 
Paragon single 

BC4 AA BB dd 1 1 

27 
Paragon single 

BC4 AA bb DD 1 2 

28 
Paragon single 

BC4 aa BB DD 1 2 

29 
Paragon single 

BC4 AA BB dd 1 2 

30 
Paragon single 

BC4 AA bb DD 1 2 

31 
Paragon single 

BC4 aa BB DD 1 2 

32 
Paragon single 

BC4 AA BB dd 1 2 

33 
Paragon single 

BC4 AA BB dd 1 3 

34 
Paragon single 

BC4 AA bb DD 1 3 

35 
Paragon single 

BC4 aa BB DD 1 3 

36 
Paragon single 

BC4 AA bb DD 1 3 

37 
Paragon single 

BC4 AA BB dd 1 3 

38 
Paragon single 

BC4 aa BB DD 1 3 

39 
Paragon single 

BC4 aa BB DD 1 4 

40 
Paragon single 

BC4 AA BB dd 1 4 

41 
Paragon single 

BC4 AA bb DD 1 4 

42 
Paragon single 

BC4 AA BB dd 1 4 

43 
Paragon single 

BC4 AA bb DD 1 4 

44 Paragon single BC4 aa BB DD 1 4 
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45 
Paragon single 

BC4 AA bb DD 1 5 

46 
Paragon single 

BC4 aa BB DD 1 5 

47 
Paragon single 

BC4 aa BB DD 1 5 

48 
Paragon single 

BC4 AA bb DD 1 5 

49 
Paragon single 

BC4 AA BB dd 1 5 

50 Paragon single BC4 AA BB dd 1 5 

51 
Paragon doubles 

BC4 aa bb DD 2 1 

52 
Paragon doubles 

BC4 aa BB dd 2 1 

53 
Paragon doubles 

BC4 AA bb dd 2 1 

54 
Paragon doubles 

BC4 aa bb DD 2 1 

55 
Paragon doubles 

BC4 aa BB dd 2 1 

56 
Paragon doubles 

BC4 AA bb dd 2 1 

57 
Paragon doubles 

BC4 aa bb DD 2 2 

58 
Paragon doubles 

BC4 aa BB dd 2 2 

59 
Paragon doubles 

BC4 AA bb dd 2 2 

60 
Paragon doubles 

BC4 aa bb DD 2 2 

61 
Paragon doubles 

BC4 aa BB dd 2 2 

62 
Paragon doubles 

BC4 AA bb dd 2 2 

63 
Paragon doubles 

BC4 aa BB dd 2 3 

64 
Paragon doubles 

BC4 aa bb DD 2 3 

65 
Paragon doubles 

BC4 aa BB dd 2 3 

66 
Paragon doubles 

BC4 AA bb dd 2 3 

67 
Paragon doubles 

BC4 AA bb dd 2 3 

68 
Paragon doubles 

BC4 aa bb DD 2 3 

69 
Paragon doubles 

BC4 AA bb dd 2 4 

70 
Paragon doubles 

BC4 aa bb DD 2 4 

71 
Paragon doubles 

BC4 aa BB dd 2 4 

72 
Paragon doubles 

BC4 aa BB dd 2 4 

73 
Paragon doubles 

BC4 aa bb DD 2 4 

74 
Paragon doubles 

BC4 AA bb dd 2 4 

75 
Paragon doubles 

BC4 AA bb dd 2 5 

76 
Paragon doubles 

BC4 aa bb DD 2 5 

77 
Paragon doubles 

BC4 aa BB dd 2 5 

78 
Paragon doubles 

BC4 AA bb dd 2 5 

79 
Paragon doubles 

BC4 aa bb DD 2 5 

80 Paragon doubles BC4 aa BB dd 2 5 

81 
Paragon triples 

BC2 aa bb dd 3 1 

82 
Paragon triples 

BC2 aa bb dd 3 1 

83 
Paragon triples 

BC4 aa bb dd 3 1 

84 
Paragon triples 

BC4 aa bb dd 3 1 

85 
Paragon triples 

BC4 aa bb dd 3 2 

86 
Paragon triples 

BC2 aa bb dd 3 2 

87 
Paragon triples 

BC2 aa bb dd 3 2 

88 
Paragon triples 

BC4 aa bb dd 3 2 

89 
Paragon triples 

BC2 aa bb dd 3 3 

90 Paragon triples BC4 aa bb dd 3 3 



145 
 

91 
Paragon triples 

BC4 aa bb dd 3 3 

92 
Paragon triples 

BC2 aa bb dd 3 3 

93 
Paragon triples 

BC4 aa bb dd 3 4 

94 
Paragon triples 

BC2 aa bb dd 3 4 

95 
Paragon triples 

BC2 aa bb dd 3 4 

96 
Paragon triples 

BC4 aa bb dd 3 4 

97 
Paragon triples 

BC4 aa bb dd 3 5 

98 
Paragon triples 

BC2 aa bb dd 3 5 

99 
Paragon triples 

BC2 aa bb dd 3 5 

100 Paragon triples BC4 aa bb dd 3 5 

 

 


